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Chapter I 
INTRODUCTION 
 
            High Q (quality factor) optical microcavities are used to confine light, allowing 
them to be used for storage of optical energy.   This ability to confine light in the volume 
of a fused-silica (for example) microresonator has profound implications in many areas. 
The light confined in an optical microcavity is in phase with itself after one round trip 
resulting in resonant modes called “whispering gallery modes”.  In the 19th century Lord 
Rayleigh proposed an explanation on the basis of his observations at St. Paul‟s Cathedral 
in London, where a whisper against a wall is audible to a listener at any point around the 
gallery with an ear held to the wall [1-2].  Richtmyer, in 1939, showed that a spherical 
microparticle could sustain high Q resonant modes [3].  
            In our lab, whispering gallery modes (WGM) have primarily been observed in 
spheroidal microresonators.  In general, microresonators can be fabricated into various 
shapes, including microring, cylindrical, micropillar, spheroidal and toroidal chip based 
[4-8].  They can also be fabricated from many materials such as fused silica, polystyrene, 
lithium niobate, magnesium fluoride, calcium fluoride and liquid droplets [4-11].   
Spheroidal fused-silica microresonators are fabricated in our lab by melting the end of a 
fused silica fiber, using a hydrogen-oxygen torch as seen in Fig. 1.  Microsphere 
fabrication has also been achieved by using a CO2 laser, placing the fiber in the beam 
path near a focal point [7].  Surface tension pulls the molten silica into a spheroidal 
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shape.  This high Q microresonator, with a long photon storage time on the order of 100‟s 
of nanoseconds has an evanescent field extending into the adjacent medium.  These 
microresonators are of interest in various applications like cavity quantum 
electrodynamics, environmental probes, atom trapping, low threshold lasers, sensing, 
optical filtering and nonlinear optics [12-18].  The excited optical modes typically lie in 
the equatorial plane of the microresonator.  A tapered fiber is used in our lab to tunnel the 
evanescent light into the microsphere to excite WGMs of the microresonator.  It is 
tapered or reduced in diameter to 2-3 m using a flame brush technique with the 
apparatus seen in Fig. 2.   
 
 
                              
                           
                   
                        Figure 1.  Microsphere being fabricated using hydrogen-oxygen torch. 
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                            Figure 2.  Setup used in our lab for tapering optical fibers. 
 
 
           The tapered region can support multiple modes, in contrast to the untapered region 
which can support only the fundamental mode of the fiber.  The taper becomes 
effectively a dielectric cylinder in which light is guided by the cladding/air interface 
rather than by the core/cladding interface.  It is known that optimal coupling is obtained 
by maximizing spatial overlap and minimizing phase mismatch between the fiber mode 
and the microsphere mode [19, 20].  The Q of the microresonators varies from 10
6
-10
11
,
 
based on the geometry of the resonator [21-24].  The calcium fluoride based 
microresonators exhibit the highest Q, on the order of 10
11
 [10, 23].  It has been 
demonstrated that in a fused-silica microresonator, the ultimate Q factor is limited by 
water absorption on the surface and internal scattering [22].   
           There is another method discussed in the literature to couple light into microsphere 
to excite WGMs, using prism-resonator interface [8, 24].   Alignment issues make it hard 
to integrate with fiber optic systems.   
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I.1 Purpose and Organization of the Thesis 
 
           The main purpose of this thesis is to use a tunable diode laser operating around 
1570 nm to investigate various effects of the heat transfer from fused-silica microspheres, 
with and without thin-film coatings, to the surrounding gas in a vacuum chamber.  This is 
an application of microsphere whispering gallery modes to various aspects of surface 
characterization. 
           The second major topic discussed in my dissertation is advanced methods for 
synthesis of gold nanorods and gold nanowires of different sizes, along with 
characterization methods.  Methods of attaching gold nanorods and nanowires to the 
microresonator using silanes or polymers like PDDA and poly (acrylic acid) will be 
described, as will better methods to control the concentration and distribution of gold 
nanorods or gold nanowires on the surface of the microsphere.  These coating methods 
can make the microresonators useful for plasmonic sensing applications and for surface-
enhanced Raman scattering (SERS) studies. 
            In Chapter II the general theory behind a novel method for determination of the 
thermal accommodation coefficient of a gas on a surface is described, followed by 
experimental results. Results reported here include the thermal accommodation 
coefficient of air, helium and nitrogen on different surfaces.  This accommodation 
coefficient characterizes the interaction of ambient gas molecules with the surface.   
           Chapter III discusses thermal bistabilty theory and experiment.  In an experiment, 
performed after determining the thermal accommodation coefficient, by observing 
thermal optical bistability of the WGM resonances, optical absorption coefficients and 
layer thickness of surface water layers or thin film coatings have been found.  The results 
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are presented.  We also discuss methods to find the water layer‟s rates of desorption and 
adsorption. 
            In Chapter IV different methods for synthesis of gold nanorods are discussed in 
detail.   The methods used to control the aspect ratio of gold nanorods are discussed in 
detail.  The characterization methods involved are also discussed.  Better filtering 
methods are also discussed for separating gold nanorods from other structures and to 
improve the yield. 
           In Chapter V the synthesis of gold nanowires using a dielectrophoretic method is   
discussed in detail.   The ability to control the size and shape of gold nanowires is also 
discussed.   Structural characterization methods for gold nanowires are also presented.                                                                                       
          In Chapter VI the various methods involved in the adhesion of gold nanowires 
and gold nanorods on modified fused silica microresonator surfaces are discussed, with 
characterization methods described in detail.  The surface charges of various chemicals 
or polymers are analyzed.  The applications of these coated microresonators are 
discussed briefly. Other materials like carbon nanotubes (CNT) are also coated on the 
microresonators and the method involved is discussed briefly. 
           Chapter VII summarizes the conclusions and discusses the future direction.  
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Chapter II 
THERMAL ACCOMODATION COEFFICIENT 
II.1 Introduction 
 
           Whispering-gallery modes (WGMs) of dielectric microresonators can serve as 
sensitive probes of their environment, through the environment‟s interaction with the 
WGMs‟ evanescent components.  For example, high quality factor (Q) WGM resonances 
have been used for microcavity-enhanced laser absorption spectroscopy of molecules in 
the ambient gas or liquid [13, 22, 25, 26].  Microresonators have also been used as 
environmental probes making use of the temperature sensitivity of WGM resonance 
frequencies [27-30].                                                   
           Heat transfer between solid surfaces and gases continues to be an active area of 
research at various temperatures and pressures.  Thermal accommodation coefficients 
have been found using various methods involving complex setups for various bulk solid   
-gas interfaces [31].  In the work reported here, heat transfer between a fused-silica 
microsphere, which may have a surface coating, and the ambient gas is studied by 
observing temperature-dependent shifts in WGM frequencies.  At wavelengths around 
1570 nm, the WGM resonance frequency will shift down by approximately 1.6 GHz for 
each Kelvin increase in temperature. This shift is primarily due to the temperature-
dependent change in refractive index [32], to which is added the effect of thermal 
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expansion [32].    The expression for temperature -dependent frequency tuning is given 
by [22]  
                     
                                    
,
1
exp 





 ansion
s
s dT
dn
n
v
dT
dv

                                                    
(1) 
where ns is the index of the fused silica and αexpansion = 5.5 x10
-7
 K
-1
 is the coefficient of 
thermal expansion of fused silica.  Around 1570 nm, ns =1.45 approximately and  

dT
dns
 11.3x10
-6
 K
-1
 [22, 32]. 
           The microsphere is heated by focusing a laser beam onto it; upon turnoff of the 
heating beam, the microsphere relaxes back to room temperature.  From its relaxation 
rate or thermal decay rate, observed via the WGM frequency shift using a tunable diode 
laser, we can calculate the thermal conductivity of the surrounding gas.  In our work the 
surrounding gases used are air, helium, and nitrogen.  The thermal conductivity of a gas 
as a function of pressure gives us the thermal accommodation coefficient (roughly the 
probability that a gas molecule will equilibrate with the surface after one collision) of the 
gas on fused silica.  The surface of bare fused silica is then coated with a layer of 
polydimethyldiallylammonium chloride (PDDA) or silanized with aminosilane.  
Silanization is explained in brief in a later section.  The temperature relaxation 
experiments are repeated to find the thermal accommodation coefficients for coated 
spheres.  This is a novel method for finding thermal accommodation coefficients of gases 
on bare and coated fused silica interfaces, using WGMs at room temperature, unlike other 
methods, many of which require high temperatures [31]. 
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II.2 Thermal Accommodation Coefficient Theory 
 
           The theory incorporates several simple assumptions.  First, the temperature in the 
microsphere is uniform at all times because of its very fast internal relaxation [33]. 
Second, as the microsphere cools, heat loss occurs through conduction by the surrounding 
gas and by radiation.  Since the microsphere is so small, convection is negligible [34], 
and because its mounting stems are so thin, their conduction is negligible.  The last 
assumption is that the microsphere is a perfect sphere with some effective radius, to avoid 
complications in the theory.  Define T to be the deviation of the microsphere‟s 
temperature above room temperature TR, and the relaxation equation can be written as 
follows for T << TR: 
                                 TTTaka
mcdt
dT
Rgas


1
164
1 32   ,                               (2) 
 
where the measured value of the thermal conductivity of the ambient gas, kgas, is 
determined from the measured thermal relaxation time,  , by 
 
                                   
,)(4
3
3
2
Rgas Ta
ca
k 


                                                         (3) 
 
where m is the microsphere‟s mass,  = 2.20 g∙cm-3 is the density of fused silica, c = 
0.741J∙g-1∙K-1 is the specific heat of fused silica, a is the microsphere‟s radius,   = 0.87 is 
the emissivity of fused silica, and  is the Stefan-Boltzmann constant.  If the thermal 
relaxation time is measured, the thermal conductivity of the gas can be found.  To obtain 
the thermal accommodation coefficient, we must find the thermal conductivity of the 
ambient gas at various pressures.  The measured value of  kgas decreases with pressure as 
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the molecular mean free path becomes comparable to the size of the microsphere.  The 
temperature-jump method (pressure is higher than the free-molecular-flow regime) is 
used for the pressure dependence of the thermal conductivity of air [35].  If the pressure 
is low (not extremely low-in the slip flow regime), there will be temperature jumps at the  
surfaces and that affects the thermal conductivity of the gas, thus making surfaces seem 
farther apart.  The pressure dependence of kgas, taking into consideration the temperature 
jumps, is given in this model by 
                        
 pacc
RTk
k
pk
vp
Ratm
atm
gas






 




 22
1
)(  ,                                          (4) 
where katm is the thermal conductivity of the gas at atmospheric pressure, R is the gas 
constant per unit mass of gas, cp and cv are the heat capacities of the gas at constant 
pressure and volume, respectively, p is the gas pressure, and  is the thermal 
accommodation coefficient for the gas on the surface of interest.  The plot of kgas vs. p 
determines the value of .  The thermal accommodation coefficient depends on the 
specific properties of the material-gas interface.  For example, a polished or smooth 
surface will have a lower thermal accommodation coefficient than an unpolished or rough 
surface [31].  Table 1 specifies the properties of gases used in this work. 
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Gas katm 
(W/ m∙K) 
R 
(kJ / kg∙ K) 
cp 
(kJ / kg∙ K) 
cv 
(kJ / kg∙ K) 
Air 0.025 0.287 1.01 0.718 
Helium 0.142 2.080 5.19 3.12 
Nitrogen 0.025 0.297 1.04 0.743 
                 
                Table 1.  Properties of the various ambient gases used in this work. 
 
II.3 Experiment 
 
            The thermal relaxation time  is found by measuring the WGM shift as the heated 
sphere cools back to room temperature, after a focused laser beam which heats the 
microsphere is turned off.  Measurements of WGM frequency versus temperature at 
wavelengths around 1570 nm yields an average linear shift of -1.60 GHz/K, in agreement 
with the prediction of Eq. (1) and similar mapping done earlier in [22].  
The pressure in the vacuum chamber, which has a transparent top plate and side 
windows for viewing as shown in Fig. 3, can be reduced from atmospheric pressure (760 
Torr) to about 1 mTorr.  Light from a cw tunable diode laser (New Focus 6328) is fiber 
coupled into a lithium niobate Mach-Zehnder amplitude modulator, from which it exits 
into a single-mode optical fiber that passes through a polarization controller before being 
fed into the chamber, where its adiabatic bitapered region is brought into contact with the 
microsphere.  As seen in Fig. 4, the microsphere is actually a prolate spheroid, fabricated 
from optical fiber in such a way as to have very thin stems at both the ends, making it 
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rigid.  The stems are made very thin, of the order of a few m, to avoid heat loss by 
conduction through the stems.   
.   
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Figure 3.  a) Experimental setup. Light from a frequency-scanned cw diode laser is launched into 
a bi-tapered fiber to excite WGMs of the microresonator.  A polarizing beamsplitter (PBS) 
separates throughput of the two polarizations.  A diode-pumped solid state laser (DPSS) can be 
used as an external heat source for the microsphere, and the vacuum chamber allows control over 
the ambient pressure. b) The inset shows a photograph of the vacuum chamber used in the 
experiment. 
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 Figure 4.  Photograph of a bare fused-silica microsphere with two thin stems. This one has an 
effective radius, as defined in the text, of 293 m.  
 
            The tapered fiber is used to tunnel the evanescent light into the microsphere to 
excite WGMs of the microresonator.  It is tapered or reduced in diameter to 2-3 m using 
the flame brush technique.  The tapered fiber is mounted in the vacuum chamber, and its 
position is controlled by 3D stages located outside the chamber.  The tapered fiber and 
the tapered ends of the microsphere are perpendicular to each other when the microsphere 
is brought into contact with the tapered fiber. 
            The polarization controller as seen in Fig. 3 is adjusted to ensure that WGMs of a 
single polarization (TE or TM) are excited, and after the fiber is fed out of the chamber 
the two polarizations in the throughput can be detected separately.  The modulator is 
normally off, but can be turned on to provide a square-wave intensity modulation; the 
throughput response to the square-wave input tells us whether a WGM is undercoupled or 
overcoupled (intrinsic or coupling loss dominant, respectively) without changing the 
geometry of the system.  The 532-nm heating beam of about 1-2 W comes from a 
frequency-doubled Nd:YVO4 (DPSS) laser (Spectra-Physics Millennia), and is focused 
through a side window onto the microsphere as shown in Fig. 3.  The diode laser is 
scanned up and down in frequency by a triangle wave, so that the scan should be linear in 
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time and have the same rate in both directions.  Results from the two scan directions are 
averaged to reduce error from residual scan nonlinearity due to laser hysteresis 
(divergence in the scan rate or scan frequency from being linear, caused by the piezo-
electric actuator present inside the diode laser).  We addressed the hysteresis effect by 
averaging the  values for up and down scans in frequency, that is, the  we used for 
finding thermal conductivity is actually the average for up and down scans.  In the 
thermal accommodation coefficient experiments, the external beam heats the microsphere 
to a few K above room temperature and is then turned off.  The diode laser is operated at 
low power to prevent bistability effects due to its appreciably heating the microsphere.  
Displacement of a WGM‟s throughput dip from one scan trace to the next is analyzed to 
find the relaxation time constant as the microsphere returns to room temperature.  This is 
done over a wide range of pressures from 760 Torr to 20 mTorr.  Fitting the thermal 
conductivity vs. pressure curve determines the thermal accommodation coefficient as 
discussed earlier.  These experiments, unlike the different methods used to find thermal 
accommodation coefficients of bulk metals in the past, are performed at room 
temperature. 
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II.4 Results 
 
In this section we first discuss some problems encountered and then present 
experimental results, for bare and coated fused silica microspheres in three ambient 
gases.  The experiments that were run initially as proof of concept in [22, 36], have a lot 
of data scatter.  This is because the probe power was high enough to cause heating of the 
sphere; the data scatter is due to changes in the mean temperature of the sphere during the 
experiments owing to differing heating efficiencies for different resonant WGMs excited 
during a frequency scan.  To avoid this problem, the experiments are run at very low 
powers (<1 µW), scaled down from 0.2-0.4 mW in [22].   Initially we had trouble in the 
mode returning to equilibrium temperature after cooling.  This was caused by the  metal 
base plate present inside the vacuum chamber, which absorbed heat when the heating 
beam was focused onto the microsphere and radiated heat when the heat pump was 
turned off, thus shifting the equilibrium temperature.  We addressed this problem by 
focusing the heating beam from the side glass window instead of through the top glass 
cover of the vacuum chamber, thus avoiding direct incidence on the base plate. 
Because our microresonators are roughly prolate spheroids, and the theoretical 
model given in Eqs. (2)- (4) assumes spheres, we use an effective radius in the model for 
data analysis.  The effective radius is found by choosing the value of  a in Eq. (3) that 
makes the measured values of the thermal relaxation time   give the known value of kgas 
= katm   at higher pressures (>100 Torr).  In the analysis of thermal accommodation data it 
has been found that the effective radius is near that of the minor radius of a typical highly 
prolate sphere used in the experiment.  The rate of heat transport from the surface is not 
uniform; it depends on the local radius of curvature.  The tapered ends tend to lose heat 
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faster due to their larger surface to volume ratio.  This disagrees with the assumption that 
effective radius would be approximately the mean radius given that heat transport occurs 
uniformly over entire area of the sphere, which is not true.  So the effective radius is 
closer to the minor radius.   
In this work, the ambient gas will interact with the surface of a fused-silica 
microsphere that has been prepared in one of several ways.  Different surfaces/thin films 
are obtained by using: bare spheres; spheres coated with a 1-nm-thick film of the 
polyelectrolyte PDDA, produced by immersion for an hour in a 0.5% solution [37]; and 
spheres with their surfaces silanized with aminosilane to provide a surface layer of amine 
groups, limiting the adsorption of water from the ambient gas.  After the PDDA coating 
was applied, the cavity‟s quality factor was checked against the uncoated quality factor, 
and no appreciable change was observed at atmospheric pressure.  All the PDDA coated 
samples are rinsed in DI (deionized) water to remove any unbonded PDDA which may 
outgas at low pressures. 
Silanization of the microsphere with aminosilane makes the surface more 
hydrophobic.  Silanization with different silane compounds can be done to provide a 
surface coating ranging from hydrophobic to polar.   The process of silanization is 
discussed in [38-40].  During the silanization reaction, -Cl, -OCH3 and -OCH2CH3 groups 
are converted to –OH groups and these –OH groups react with other –OH groups on the 
surface of the silica microsphere.  These reactive alkoxy groups cross link with the silica 
surface to different extents.   
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As in [40], we dipped the bare microsphere in 5% solution of aminosilane in 95% 
ethanol and 5% water for 30 minutes, then subsequently rinsed with ethanol, and dried in 
a 120º C oven.  The Q of the silanized microresonator is reduced by 1-2 orders of 
magnitude.   
As seen in Figs. 5-7, the measured thermal conductivity of the gas decreases as 
we decrease the pressure in the vacuum chamber, thus agreeing to the theory discussed in 
the previous section.  Recall that the high-pressure limit of the fit of experimental data to 
Eq. (4) gives the effective radius aeff, leaving the thermal accommodation coefficient  as 
the only free parameter to be determined by the fit.  The results in Fig. 5 give  of air on 
fused silica to be 0.770  0.027.  The  value for air on PDDA was found to be 0.802  
0.029 (Fig. 6).  For air on silanized fused silica,   was found to be 0.776  0.011 from 
Fig. 7.  The higher   for air on PDDA may reflect the porosity of the coating.  These and 
all other results for accommodation coefficient are summarized in Table 2 at the end of 
this section. 
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Figure 5.  Thermal conductivity of air vs. pressure, measured using a bare microsphere of 
effective radius 293 µm.  The line is a fit to Eq. (4). 
 
Figure 6.  Thermal conductivity of air vs. pressure, measured using a PDDA coated microsphere 
of effective radius 391 µm. The line is a fit to Eq. (4).   
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Figure 7.  Thermal conductivity of air vs. pressure, measured using a microsphere silanized with 
aminosilane, of effective radius 345 m.  The line is a fit to Eq. (4). 
 
            The  values for helium are found to be 0.388  0.017 on fused silica, 0.352  
0.012 on PDDA, and 0.381  0.016 on silanized fused silica from the fits to the data, 
shown in Figs. 8-10.  The thermal accommodation coefficient for helium is significantly 
lower than for air; this is attributable to the lower atomic mass and momentum which 
leads to a shorter mean interaction time with the surface.  This difference has been 
observed in the literature for other surfaces [31].  
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Figure 8.  Thermal conductivity of helium vs. pressure, measured using a bare microsphere of 
effective radius 298 m.  The line is a fit to Eq. (4). 
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Figure 9.  Thermal conductivity of helium vs. pressure, measured using a PDDA coated sphere of 
effective radius 407 m.  The line is a fit to Eq. (4). 
 
Figure 10.  Thermal conductivity of helium vs. pressure, measured using a microsphere silanized 
with aminosilane, of effective radius 356 m.  The line is a fit to Eq. (4). 
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                 Figure 11 gives the thermal accommodation coefficient ( ) of nitrogen on 
fused silica to be 0.780  0.027.  The value is equal, within the uncertainty, to that 
obtained for ambient air.  Ambient air is a mixture of gases, major components being 
78% nitrogen and 21% oxygen.  This method verifies the results for air since it is known 
that  for oxygen has almost exactly the same value as for nitrogen [31].  The 
experiments are not repeated for coated spheres as we know the values will be close to 
that of ambient air. 
        
 
 Figure 11.  Thermal conductivity of nitrogen vs. pressure, measured using a bare microsphere, of 
effective radius 426 m.  The line is a fit to Eq. (4). 
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Table 2:  Summary of results of thermal accommodation coefficient ( ), of various gases on 
different surfaces.  
II.5 Effective Radius Calculations 
 
           In this section, the idea is to use the measured аe (minor radius) and ap (major 
radius) of the spheroid, and not do a fit to find aeff as in the sphere model; thus the 
thermal accommodation coefficient becomes the only free parameter.  For a prolate 
spheroid, ac, aa and av are different effective radii found from the measured аe and ap [41]; 
aa is the area radius that gives the surface area as 4πaa
2
, av is the volume radius that gives 
the volume of the spheroid as (4/3) π av
3
, and ac is the global mean of the local mean 
radius of curvature.  The basic idea is that radiative heat loss depends only on the surface 
area, but the conductive heat loss is proportional to ac.  So the a in the first term of 
relaxation equation, which defines the rate of heat loss in the microsphere, given by Eq. 
(2) becomes ac, likewise for a in Eq. (4).  Equations (3) and (4) are modified for different 
effective radii at different points:   
 
Gas Surface  aeff  
(m) 
 
Air Bare 293 0.770 ± 0.027 
Air PDDA 391 0.802 ± 0.029 
Air Silanized 345 0.776 ± 0.011 
Helium Bare 298 0.388 ± 0.017 
Helium PDDA 407 0.352 ± 0.012 
Helium Silanized 356 0.381 ± 0.016 
 Nitrogen Bare 426 0.780 ± 0.027 
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Here, e is the eccentricity of the spheroid.  The fit to Eq. (6) with kgas given by Eq. (5) is 
seen in Fig. 12, for helium on a bare microsphere (same data as in Fig. 8, where the 
simpler model gave.  = 0.388 ± 0.017.  The minor and major radii are measured to be 
295 ± 2 µm and 365 ± 20 µm respectively.  Then e = 0.617, aa = 317.93 µm, a c = 319.33 
µm, and av = 316.69 µm.  
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Figure 12.  Thermal conductivity of Helium vs. pressure, measured using a bare microsphere, of 
major radius 365 m and minor radius 295 m.  The line is a fit to Eq. (4). 
 
Figure 12 gives the  value for helium on fused silica as 0.471  0.017.  Next we reduced 
the value of the major radius by 14 % to (314 µm), assuming there is error beyond the 
stated uncertainty in measuring it.  From the fit in Fig. 13 the  value for helium is found 
to be 0.403  0.017 on fused silica, in agreement with the result of the simpler model. 
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Figure 13.  Thermal conductivity of Helium vs. pressure, measured using a bare microsphere, of 
major radius 318.7 m and minor radius 295 m.  The line is a fit to Eq. (4). 
 
           As the major and minor radii approach closer to each other we get a good fit since 
the spheroid is becoming a sphere.  We attempted the same on bare sphere in air and we 
could get a reasonable fit when we reduced the major radius by ~18%, giving  = 0.79  
0.017.  Thus by having to reduce the major radius, we still have two free parameters in 
the fit, and nothing is gained using this more complicated model. 
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                                                          II.6 Conclusions 
 
            In conclusion, a novel method is presented for measuring thermal accommodation 
coefficients of various gases on several surfaces at room temperature.  The temperature 
sensitivity of the resonant frequencies of WGMs in a microsphere has been employed to 
measure the thermal conductivity of the ambient gas as a function of pressure.   
Measuring the thermal relaxation time to determine kgas vs. p, and fitting the results to the 
temperature-jump model of Eq. (4), determines the value of the thermal accommodation 
coefficient of the gas  on the microsphere surface coated or uncoated.  Since these 
measurements can easily be done with various gases, using different surface coatings 
(thin compared to the wavelength), a large number of gas-surface interactions can be 
studied.  The precision of these measurements is quite good (< 2%).  This optical 
technique using microresonators is very well suited to making these measurements, and 
so adds a new method for the study of the interaction of gases with surfaces. 
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Chapter III 
THERMAL BISTABILITY 
 
III.1 Introduction 
 
            In this section we discuss the thermal bistability of WGM resonances caused by 
absorption of the probe laser, which in our case is a tunable diode laser.  Intracavity 
absorption heating and thermal dependence of the refractive index leads to thermal 
bistability when the resonant frequency shifts either along or opposite the direction of the 
laser scan.  The bistable response gives us the heat supplied by the fraction of total 
optical power lost due to absorption.  The scan rate of the probe laser affects the 
bistabilty [22, 30].  Bistability can be used to find the contribution of water or film 
absorption to the total loss on bare and coated spheres, which is a novel method in the 
case of films.  These experiments are done using air, helium, or nitrogen as the ambient 
gas, on bare, PDDA–coated, and silanized spheres.  The thermal decay rate is measured 
and its experimental value is then used to fit experimental bistability data to a thermal 
bistability model.  The absorption that leads to bistability results from a water layer on 
the surface of a bare sphere, for a coated sphere it is due to the PDDA layer, and for a 
silanized sphere it is predominantly due to the coating.  This method can be used to find 
either the absorption coefficient or the thickness of a thin film, provided that one of the 
two is known.  Real time monitoring of thermal properties and quality factor (Q) can be 
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beneficial in studying dynamics of the interaction between a microresonator surface and 
its environment [30].  
III.2 Thermal Bistability Theory 
 
A wide range of thermally induced behavior such as hysteretic wavelength 
response and oscillatory instability is observed experimentally for microspheres [29, 30, 
42].  Bistability refers to a microsphere‟s throughput signal depending on the laser 
frequency scan direction.  If the power of the laser which excites the WGMs is high 
enough, its absorption will heat the microsphere if it is scanned slowly enough across a 
WGM resonance.  When the laser frequency is scanned in the direction of increasing 
frequency, a fraction of its power is absorbed as it approaches the WGM resonance, thus 
shifting the WGM frequency downward, opposite the scan direction.  This causes the 
apparent WGM linewidth to be smaller than its actual linewidth.  When the laser 
frequency is scanned in the direction of decreasing frequency, the opposite effect takes 
place, shifting the resonance frequency in the same direction, causing an apparent 
linewidth larger than the actual linewidth.   
            In equilibrium, the power absorbed depends on the detuning from the 
temperature-dependent resonance, the depth of the resonance dip, and the power incident 
on the microsphere.  Thus a heating term can be added to the right-hand side of Eq. (2) to 
describe the microsphere‟s temperature as a function of time and is given by  
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where m is the microsphere mass, c = 0.741J∙g-1∙K-1 is the specific heat of fused silica,
0M  is the fractional dip depth, incP is the power incident on the microsphere (and 
throughput off resonance),  is the linewidth of the Lorentzian WGM resonance at 0 – 
bT where b is the 1.6 GHz/K temperature shift, )(t is the scanned laser frequency, and 
the only free parameter, , is the fraction of the total power loss ( incPM 0 ) that is due to 
absorption, as opposed to scattering.  Fitting the experimental throughput trace to a 
tuning curve derived from Eq. (11) gives the value of .  Now from  20 1/4 xxM  , 
where the ratio of coupling to intrinsic losses is ic aTx 2/ (a is the microsphere‟s 
equatorial radius, approximated here by the aeff of Section II.4), and the measured quality 
factor 
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where n=1.44 is the index of refraction of fused silica in the range of wavelengths  = 
1550 ± 15 nm, the coupling loss Tc and the intrinsic loss coefficient i can be found for 
different coupling regimes [26].  There are two solutions, corresponding to the 
undercoupled (x < 1) and overcoupled (x > 1) cases, which is why the lithium niobate 
modulator as shown in Fig. 3 is needed in the experiment – to determine the coupling 
regime.  Fitting the observed thermal bistability mode profiles to the model allows us to 
completely specify the system losses, determining how much of the total intrinsic loss is 
due to absorption [30].  We must make sure we do not see bistability effects when 
measuring Q or determining the coupling regime, so we use low input power for these 
measurements.  The effective absorption coefficient is 
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                                               iabs   .                                                                  (13) 
The effective absorption coefficient is dependent on the Q of the mode and the coupling 
regime, since we get different solutions for i  for under- and overcoupling.  Knowing 
the coupling regime we can choose the proper solution, but sometimes both are calculated 
if the coupling regime is not determined with certainty. 
An approximate expression for the relation between the effective absorption 
coefficient of the water layer (or thin film if it is a coated microsphere), of thickness , 
and its bulk absorption coefficient b has been given by [43]
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From Eq. (14), knowing the thickness of the polymer film or water layer, we can find its 
bulk absorption coefficient or vice versa.   
III.3 Experimental Setup and Results 
 
In this section we discuss the experimental results for thermal bistability for bare 
and coated fused silica microspheres.  We use the same experimental setup (Fig. 3) used 
for measuring thermal accommodation coefficient, but without the DPSS laser, as shown 
in Fig. 14.  
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             Figure 14.  Experimental setup used for performing thermal bistability experiments. 
 
Using slow probe laser scan rates, (<1 MHz/s) and incident power on the order of 
150 W can cause prominent bistability effects to be observed.  These experiments are 
repeated several times with several samples and have good repeatability at several 
different pressures from 0.022 Torr to 746.4 Torr.  Here a few sets of data will be 
reported for a limited number of pressures, i.e., higher and lower pressures.  We assume 
that for modes of differing radial order, which will have differing evanescent fractions, 
the effective absorption constants should be very similar because while the evanescent 
extent is certainly increasing with order the surface water layer or coating is confined to 
within at most a few nanometers of the surface, which is but a small fraction of the total 
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evanescent field; so the variation in localized field intensity will be minimal.  Therefore, 
the overall absorption will be very weakly dependent on the evanescent extent.  It does 
depend on the microsphere‟s radius and the thermal conductivity of the ambient gas as 
seen from Eqs. (2), (11), and (14).  The fitting to the data in Figs. 15-17, which are for a 
293 m bare sphere in air at different pressures at a wavelength of 1560.5 nm, gives the 
values of abs.   
             
 
 
Figure 15.  WGM resonance dip showing thermal bistability.  The red line is the theoretical fit.   
The blue dotted line indicates the mode before bistability (at low power).  This is an 
undercoupled mode with Q = 3.14107, as measured at low power and fitting to the model gives 
abs = 0.00440 m
-1
.  On the left side of the figure, the laser is scanning down in frequency through 
the resonance, and on right the laser scans back up in frequency through the same resonance. 
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Figure 16.  WGM resonance dip showing thermal bistability.  The red line is the theoretical fit.  
The blue dotted line indicates the mode before bistability.  This is an undercoupled mode with Q 
= 3.14107 and abs = 0.00357 m
-1
. 
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Figure 17.  WGM resonance dip showing thermal bistability. The red line is the theoretical fit.  
The blue dotted line indicates the mode before bistability.  This is an overcoupled mode with Q = 
3.88 107 and abs = 0.00194 m
-1
.
           
 
             The pressures at which the experiments are performed are shown in the 
bistability plots.  Knowing the effective absorption coefficient, and that the bulk 
absorption coefficient (b) of water at these wavelengths is 800 m
-1
[44], we can find the 
number of water layers given by Eq. (14).  Assuming one monolayer is 110-10 m (it 
might be as large as twice this value [43, 45]), we can find the water layer thickness δ in 
units of monolayers, and that is how it will be presented here.  For Fig. 18 δ is 0.0662, 
and for Figs. 19 and 20 respectively δ is 0.0537 and 0.0292.  As we vary the pressure 
from higher to lower the water layer thickness reduces slightly which agrees with our 
expectations.  The oscillation due to thermal nonlinearity as seen in Figs. 15-20 has 
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previously been observed [29, 42].  They are most likely occurring due to temperature 
relaxation from the mode volume to the rest of the sphere.  We have not modeled the 
oscillations and fit them to the experimental data as the detailed cause of these 
oscillations is being further investigated.  This effect has been observed to be strongly 
dependent on the modal quality factor.  All bistability experiments were conducted after 
the sample had been in sustained vacuum for several hours at low pressure, then data 
were taken as pressure increased.  This is why δ is so low.   If a sphere has been at 
atmospheric pressure for a long time, δ will be on the order of one monolayer as seen in 
Fig. 18, where δ is 1.07.   The surface coating close to a monolayer has also been 
predicted in [45].  The b value is strongly dependent on wavelength.  For Fig. 18 taking 
b as 880 m
-1
 given in [46], δ is 0.97 and by taking b as 912 m
-1
 as given in [47], δ is 
0.93.  That corresponds to slight variation in the prediction of the δ values by our method. 
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Figure 18.  WGM resonance dip showing thermal bistability.  For this undercoupled mode at λ = 
1542 nm in the bare sphere with a = 426 m and Q = 3.16106, we find abs = 0.0592 m
-1
.  
    
            The spheres are then coated with PDDA and the experiments are repeated for 
various samples at different pressures.   In the first set of experiments we coated the 
microsphere with PDDA without dipping in DI water to remove the unbonded PDDA and 
performed the bistability experiments.  We observed thicker clusters of PDDA on the 
surface of microsphere from the SEM images taken on them.  For Fig. 19 δ is 8.08.  In 
this case the change in δ with pressure is not significant.  Absorption is taking place in 
the PDDA layer, not in a surface water layer, and since the thickness of a PDDA layer is 
about 1 nm, this result implies that the unrinsed PDDA coating has approximately the 
same effective b as water at this wavelength. A value of δ = 1 indicates an absorption 
equivalent to that of one monolayer of water. 
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Figure 19.  WGM resonance dip showing thermal bistability.  For this undercoupled mode at λ = 
1563 nm in the PDDA-coated sphere with a = 426 m and Q = 2.25106, we find abs = 0.543 m
-1
. 
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           Next the same experiment is repeated using a sphere with λ = 1559.7 nm and a = 
391 m, but in this case unbonded PDDA is removed by dipping in DI water; δ in this 
case was found to be 1.276 at 0.168 Torr and abs= 0.073 m
-1
.  This clearly shows that we 
have removed the unbonded layers and the change in thickness of the PDDA layer is 
clearly seen from the results of the experiments, by the decrease in δ values.  It might also 
be that the PDDA clusters that were removed had been binding extra water. 
           In the next experiment we silanized the microsphere using aminosilane.  For Figs. 
20 and 21 δ is 1.01 and 0.921 respectively.    We observed this small drop in δ 
immediately upon going below vapor pressure of water, indicating reduced bond strength 
because the surface is hydrophobic after silanization.  The pressure change does not seem 
to have a significant effect on the overall δ, which is large compared to the δ value on the 
bare sphere.  Thus we conclude that nearly all of the absorption is taking place in the 
silanized layer, not in a surface water layer. 
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Figure 20.  WGM resonance dip showing thermal bistability.  For this undercoupled mode at λ = 
1560 nm in the silanized sphere with a = 345 m and Q = 1.35106, we find abs = 0.0619 m
-1
.  
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Figure 21.  WGM resonance dip showing thermal bistability.  For this undercoupled mode at λ = 
1560 nm in the silanized sphere with a = 345 m and Q = 1.35106, we find abs = 0.0563 m
-1
. 
 
Next the thermal bistability experiments are repeated for bare microsphere-helium 
interfaces and coated microsphere-helium interfaces.  For the bare sphere of Fig.  22, δ is 
1.06.                             
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Figure 22.  WGM resonance dip showing thermal bistability for this undercoupled mode at λ = 
1560 nm, of a bare sphere in helium with a = 285 m, we find abs = 0.0716 m
-1
. 
 
           There is no change in the number of water layers with change in pressure, 
probably because the microsphere was not held at low pressure for a long amount of time, 
as we changed the pressure.  Initially the vacuum chamber was flushed and filled 2-3 
times with helium to avoid air being present.  Thermal bistability experiments are 
repeated for silanized microsphere and PDDA coated sphere in helium.  One set of data 
for each sample at a given pressure is reported here.  
           For Figs. 23 and 24, δ is 1.01 and 1.87 respectively, about same as observed in air.  
As expected, changes in the ambient helium pressure do not seem to have any effect on 
the absorption in either coating.   Table 3 summarizes the results discussed in this section. 
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Figure 23.  WGM resonance dip showing thermal bistability.  For this undercoupled  
mode at λ = 1560 nm, of a  silanized sphere in helium with a = 340 m,we find  Q = 
2.82106, abs = 0.063 m
-1
. 
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Figure 24.  WGM resonance dip showing thermal bistability.  For this undercoupled mode at λ = 
1560 nm, of a PDDA coated sphere in helium with a = 391 m Q = 2.33106, we find abs = 
0.108 m
-1
. 
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 Surface  
 
 
Gas 
    
λ 
 
 (nm) 
 
a 
 
(m) 
 
Pressure 
 
(Torr) 
      
abs 
        
  (m
-1
) 
 
  
  δ  
 
(monolayer) 
Bare* Air 1560 293 746.4 0.004 0.06 
Bare* Air 1560 293 72.40 0.003 0.05 
Bare* Air 1560 293 0.085 0.001 0.02 
Bare Air 1542 426 738.5 0.059 1.07 
PDDA Air 1560 391 0.618 0.073 1.27 
PDDA (Unrinsed) Air 1563 426 724.2 0.529 7.88 
PDDA (Unrinsed) Air 1563 426 23.20 0.543 8.08 
Silanized Air 1560 345 742.8 0.062 1.01 
Silanized Air 1560 345 14.50 0.056 0.92 
Bare Helium 1560 285 1.107 0.071 1.06 
PDDA Helium 1560 391 0.211 0.108 1.87 
Silanized Helium 1560 391 4.80 0.063 1.01 
   
 
Table 3.  Comparison of absorption coefficients at various pressures for different surfaces in 
different gases.  *The samples were not held at atmospheric pressure for a long amount of time. 
 
 
 
III.4 Water Layer Desorption Rate 
 
            An experiment was performed to find the water desorption rate from the surface 
of a bare silica microsphere in air.   Performing thermal bistability experiments is a novel 
method to find the desorption and adsorption rates for a water layer thickness of the order 
of a monolayer, at room temperature.   
           Initially an experiment was performed to find the water desorption rate from the 
surface of a bare silica microsphere in air as proof of concept.  As seen in Fig. 25, when a 
bare microsphere is kept in the vacuum chamber at constant pressure of 0.024 Torr, δ will 
decrease.  We typically kept it for 120 hrs in this case before performing bistability 
experiments.  A similar experiment was performed to find the water layer desorption rate 
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from the surface of a bare silica microsphere in nitrogen with more precision and more 
data points as shown in Fig. 26. 
            Within the respective uncertainties the values of the water desorption rates appear 
to be approximately equal for nitrogen and air.  The desorption is roughly exponential, 
with a decay time of ~40 hrs, as found from the fit (line) in Fig. 26. 
 
             
Figure 25.  Surface water layers vs. time, measured using a bare microsphere of effective radius 
293 m in ambient air.   
 
          
 
 
 
 
 
 
 
 
 
 
 
 
 
46 
 
 
 
 
                
         
Figure 26.   Surface water layers vs. time, measured using a bare microsphere of effective radius 
426 m in nitrogen. 
 
             After 120 hrs when δ is 0.150, for bare sphere in air to find the water layer 
adsorption time, the vacuum chamber is brought back to atmospheric pressure and the 
value of δ reaches 1.007 after 15-20 minutes.  Figure 27 shows water layer desorption of 
a bare sphere in nitrogen and, after 120 hours when returned to atmospheric pressure, 
water layer adsorption. 
            Therefore bare sphere in air takes less time for water adsorption, compared with 
nitrogen, which is drier and takes around 24 hours for water adsorption as seen from Fig. 
27. 
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Figure 27.  Surface water layers vs. time, measured using a bare microsphere of effective radius 
426 m in nitrogen.  The pressure is returned to atmospheric at 120 hours. 
 
            Similarly the experiments are repeated for a silanized sphere to find the water 
layer desorption rate; in 10 minutes δ is 1.007 and we observed no change after 24 hrs.  
That implies water layer is weakly bonded onto the surface of the silanized sphere.  Next 
the above experiments are repeated for PDDA coated sphere and there is only a small 
change in δ from 1.85 to 1.77 in 16 hrs, suggesting that the PDDA layer binds some 
water. 
III.5 Surface Layer Mode Fraction Estimation  
 
            The field from a whispering gallery mode extends outside the geometrical 
boundary of the microresonator.  The mode volume fraction of the evanescent wave 
extending outside depends on the size of the microresonator and the refractive index 
contrast between the microsphere and the surrounding medium.  With small index 
contrast, for example immersion of the microsphere in water, the evanescent fraction is 
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larger than for the same microsphere in air where the index contrast is high.  The 
refractive index of air is 1.00 compared to refractive index of water 1.33, while the index 
of refraction for a fused-silica microsphere is 1.45 at 1550 nm wavelength. 
 
           There are two kinds of microsphere modes, TE (transverse electric) and TM 
(transverse magnetic) modes, based on how the magnetic and electric fields orient 
themselves with respect to the surface of the sphere and direction of propagation.  From 
the solution of Maxwell‟s equations in three dimensions we can get the expression for the 
field and it is given, as in [20], by 
                            
),()()(),,(   ΨΨrΨNrΨ rsqlm 
                                     
(15)
 
where Ψ is the electric field in the case of TE modes and is the magnetic field in the case 
of TM modes, Ns is a normalization constant and the order of the mode is given by q 
(radial mode order) and l - |m| is the polar mode order.  Forms of the fields from [20] 
used in the calculations are solved using a Mathematica routine: 
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where ns  is the refractive index of the sphere, no is the refractive index of the ambient, jl 
and hl  are the spherical Bessel functions of first kind and spherical Hankel functions, Pl
m
 
are the associated Legendre polynomials, and a is the radius of the microsphere.  No 
accurate experimental method to determine the evanescent fraction that will work with all 
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cases has yet to be devised.  The evanescent field is well approximated by an 
exponentially decaying radial function, with decay length 
222 os nn 

. 
           From the field we can calculate the intensity of the mode and by integrating it over 
the radial coordinate, the evanescent fraction (f ) can be calculated:  
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 where I(r) is the intensity of the mode.  If we have a surface layer present (water or 
applied coating), the fraction of the mode contained within it can be calculated from the 
following expression: 
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 Where δ is the thickness of the layer and  fl is its mode fraction.  In the following 
calculations, we will take δ = 0.1 nm, corresponding to one monolayer of water.  
          From Fig. 28 for a microsphere of radius 300 µm at λ = 1550 nm, f  = 0.00155 and 
fl  = 1.91×10
-6
.   
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Figure 28.  The mode profile for a 300 µm radius microsphere for fundamental TE mode with q 
=1 and l - |m|=0. The blue portion of the plot is outside the microsphere. 
 
           
          
Figure 29.  The mode profile for a 200 µm radius microsphere for fundamental TE mode with q 
=1 and l - |m|=0.  The blue portion of the plot is outside the microsphere. 
 
 
From Fig.  29 for a microsphere of 200 µm at λ = 1550 nm,  f  = 0.00234 and  fl  = 2.82 × 
10
-6
.  Similarly for a microsphere of radius 400 µm at the same wavelength  f  = 0.00116 
and fl  = 1.43×10
-6
. 
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This last case is almost the same as in Fig. 18, where abs = 0.0592 m
-1
.  Dividing by b = 
800 m
-1
, this gives a measured mode fraction of 7.4 × 10
-5
.  Using Eq. (14) this was found 
to represent 1.07 monolayers of water.  However, using our method, where one 
monolayer gives fl = 1.43 × 10
-6
, the measured mode fraction represents 52 monolayers, a 
factor of 48 larger.  There is large disagreement between our experimental results based 
on Eq. (14) (though our deduced water coverages seem to be reasonable) and our 
estimation of the surface layer mode fraction.  The discrepancy still needs to be resolved. 
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III.6. Conclusions 
 
            In conclusion, the thermal bistability technique permits the measurement of the 
absorption coefficient of a surface film or water layer, and it can be applied to a wide 
variety of thin films with arbitrary refractive index.  Since these measurements can easily 
be done with various gases, using different surface coatings of thin films, a large number 
of gas-surface interactions can be studied.  The precision of these measurements is quite 
good (< 2%), so the prospect of using these techniques for thin-film characterization is 
promising.  The strength of the observed thermal bistability gives us the heat supplied by 
the fraction of total optical power lost due to absorption.  The results provide insight into 
the relative importance of surface scattering and absorption in these structures.  This 
absorption results from a water layer on the surface of a bare sphere, and for a coated 
sphere it is due to the thin film.  This method can be used for sensing applications, 
surface chemistry studies and to know the contaminants present on the surface. 
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Chapter IV 
GOLD NANOROD SYNTHESIS 
 
IV.1 Introduction 
 
          The shapes of nanoparticles greatly influence their optical and electronic 
properties.  Nanoscale materials have been used in biological systems, where many 
proteins are a few nm in size [48].  Growth methods for gold nanorods (NRs) have drawn 
a lot of attention as they are used for biological applications like sensing of sequence 
specific HIV-1 virus DNA by using hyper-Rayleigh scattering spectroscopy, identity 
profiling of cell surface markers by multiplex gold NR probes, and many other biological 
and sensing applications [49-51].  The shape of a gold NR is defined by its aspect ratio 
(AR, length/diameter).  Localized surface plasmons (SP) are standing waves of coherent 
fluctuations of electron charges along the metal-dielectric boundary.  When the frequency 
of incident light matches that of a localized SP, it leads to so-called surface plasmon 
resonance (SPR) phenomena.  These gold NRs exhibit two peaks, a longitudinal surface 
plasmon peak, and a transverse surface plasmon peak.  As the AR of the gold NRs 
increases, the energy separation between the two peaks increases.  The AR of the gold 
NRs can be controlled in wet chemical synthesis by varying the ratio of seed to metal salt 
concentrations as well as the time delay between steps of the synthesis [52].   The gold 
NRs can be grown directly on the surface [53] or they can be prepared by seed-mediated 
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wet chemical reduction [54-57].  The above two methods were tried in our lab; the first 
method will be discussed briefly, as it was attempted without much success as a follow 
up to [53] done earlier in the lab; the second technique of growing rods using the wet 
chemical method will be discussed in detail and this procedure is based on Murphy‟s 
recipes [54-56], with slight modifications in the growth conditions.  There are many other 
methods used to grow gold NRs, for example by electrochemical deposition in templates 
or photochemical synthesis [58, 59].  Murphy‟s method of growing rods in solution 
requires many rounds of filtration as the solution will contain spheres and platelets 
depending on the number of steps in the seed mediated method.  The section on filtration 
methods will discuss these aspects in detail.  Gold NRs were grown in our lab with ARs 
ranging from 2.5 to 19.0, using a combination of methods discussed in the literature.  The 
growth of high-AR gold NRs involves many steps and careful control of the growth 
conditions.  The following three sections describe the methods used for synthesis, 
characterization, and purification of NRs, and are followed by some conclusions. 
IV.2 Synthesis Methods 
 
           All the chemicals obtained from commercial suppliers are listed below and are 
used without further purification.  Cetyltrimethylammonium bromide (CTAB, 99+ %), 
hydrogentetrachloroaurate (111) trihydrate (HAuCl4, 99.9%), ascorbic acid (AA, 99+ %), 
sodium borohydrate (99+ %), heavy water, PDDA and silver nitrate (99+ %) were 
purchased from Sigma–Aldrich.  Sodium citrate (99%) was purchased from Alpha- 
Aesar.  Sodium hydroxide and all basic lab supplies like gloves and beakers were 
purchased from the chemistry store at Oklahoma State University.  Ultra-pure deionized 
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(DI) water of resistivity 18.2 MΩ (actually, MΩ∙cm) was used for preparing aqueous 
solutions and for rinsing the glassware before experiments.    
Direct growth of gold NRs on surface of fused silica microresonator:  The surface is 
dipped in an aqueous solution of PDDA for 15-20 minutes.  After washing with DI water, 
it is dried for a while in the atmosphere and dipped in a solution of HgTe nanoparticles 
(NPs).  The negatively charged HgTe capping agent adheres well to the positively 
charged PDDA.  Then the substrate is dipped in a gold growth solution consisting of 
1.3x10
-4
 M HAuCl4, 8.3 x 10
-3 
M
 
CTAB and 1.9 x 10
-4 
M AA.   This method has many 
disadvantages over the growth of gold nanorods in solution.  There is no control over the 
yield and the yield is less compared with the wet chemical synthesis method.   The AR of 
the gold NRs cannot be varied, and is about 4 ± 2.  The characterization of the gold NRs 
is not possible, without growing them on the substrate.  The gold NRs cannot be isolated 
from other structures.   The HgTe seeds are not easy to prepare nor easily available, and 
their aggregation with time will lead to poor growth results.  The above stated several 
disadvantages, in addition to the cost, made us go for the wet chemical synthesis method.   
Having good knowledge of and control over the surface charge properties will make 
adhesion of gold NRs on any surface possible. 
Wet chemical method (gold seed growth): This is the first step in any solution-based 
growth method involving gold seeds.  A 0.5 mL solution containing 0.01M HAuCl4 
trihydrate in water is added to 0.5 mL of 0.01M sodium citrate in water, and then 18 mL 
of DI water is added to the above and stirred well in a conical flask.  While the solution is 
stirred, 0.5 mL of ice cold 0.1M NaBH4 was added and the solution color changes from 
colorless to orange with the growth of the seeds.   The seed solution should be used 
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within 2-6 hrs after preparation.  The seed size varies from 3.5 ± 0.7 nm.  Here the citrate 
serves as a capping agent; CTAB can also be used as a capping agent [57] to have better 
control the size of low-AR gold NRs.  This citrate based seed recipe is used for the high 
AR gold NR growth discussed below.  
Preparation of 3.5 ± 1 AR gold NRs:  In this method Au seeds are prepared as discussed 
in [56], slightly different from the above method with the final seed solution having a 
pale brown-yellow color, probably due to formation of seeds of a different size.  Then  
4.75 mL of 0.1 M CTAB, 0.20 mL of 0.01 M HAuCl4, and 0.030 mL of 0.01 M AgNO3 
solution are added one by one in the above order and followed by gentle inversion.  It is 
very important to use clean containers to prevent aggregation.   
            In the last step, we add to the solution, which is bright yellow in color, 0.032 mL 
of 0.10 M AA.  The solution turns colorless on repeating the gentle inversion method.  
The solution is left undisturbed for 3-4 hrs.  We have obtained very high yield, close to 
the 95% specified for the ones we purchased from Nanopartz before trying this method.  
Preparation of 13.0 ± 2 AR gold NRs:  In this process we combined two recipes of 
Murphy [54, 55] to improve the yield in the case of growth of high AR rods.  The high 
AR gold NR synthesis is not a single-step but a three-step process.   Take three beakers or 
test tubes and label them (A, B and C), each containing 9 mL of growth solution of 
2.5x10
-4 
M  HAuCl4  and 0.1 M CTAB mixed with 0.05 mL of 0.1 M AA.   
In the first step add 1.0 mL of 3.5 nm seed solution to sample A while stirring.  
The color of the solution turns red within 2-3 minutes.   In the second step, after 4-6 h, 
1.0 mL of solution from A is added to B while stirring.  The color of the solution turns 
red in 2-5 minutes.  Again in the last step, after 4-6 hrs, 10.0 mL from B is mixed with C 
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and the solution turns red within 8-10 minutes.  The yield was around 30%, 
comparatively less than what we expected. 
Preparation of 15 ± 4 AR gold NRs:  The yield is significantly improved in this method 
that combines recipes, but produces a wide distribution in AR.  Label three flasks as A, 
B, and C.  The growth solution in A and B contains 9 mL of 0.1 M CTAB in water, 0.25 
mL of 0.010 M HAuCl4 trihydrate in water, and 50 µL each of 0.1 M AA and 0.1M 
NaOH.  Growth solution C consists of 90 mL of 0.1 M CTAB, 2.5 mL of 0.01 M 
HAuCl4, and 0.5 mL each of 0.1 M AA and 0.1M NaOH.   Finally, 1 mL of seed solution 
is added to growth solution A.  This solution was shaken for 3-5 seconds and 1.0 ml of A 
is added to B after 4-5 hrs and shaken for 3-5 seconds and the entire solution of B is 
poured into C after 4-5 hrs.  The solution C, which turns reddish-brown, is left 
undisturbed overnight.  The yield for this solution is around 50%.   
Preparation of 16 ± 3 AR gold NRs, long process:  Another process discussed in [60] is 
used to grow gold NRs, in hopes of improving the yield and reducing the size 
distribution.  The methodology is slightly different from the others discussed above.  
Here the synthesis is performed in larger volumes.  This method relies on gravitational 
sedimentation for separation of rods from other structures by leaving the solutions for 
several hours.  It takes almost a week to complete the synthesis procedure.  The density 
of growth solution is higher than in the previous methods.  The gold seeds are prepared in 
the same way as discussed in the previous high AR gold growth processes.   After the 
gold seeds are prepared, in a 2 L flask, 64.06 g of CTAB is dissolved in 880 mL of DI 
water and heated gently to prevent any aggregation of CTAB.   In a separate flask, 173.4 
mg of HAuCl4 is dissolved in 880 mL of water and then added to the CTAB solution.   In 
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the next step, the prepared solution is placed in amounts of 45 mL, 140 mL, and 1575 mL 
in three flasks labeled as A, B and C respectively.   
          Next, by dissolving 176 mg of AA in 10 mL of water, 0.1 M AA solution in DI 
water is prepared.  Then add 0.25 mL, 0.77 mL, and 8.75 mL of this AA solution into 
flasks A, B, and C, respectively.  The solutions in all three flasks become colorless after 
gentle inversion.  The same three step process discussed previously is followed for these 
larger quantities.  In the first step, 4 mL of seed solution is added to flask A and gently 
mixed.  Then 12.4 mL of the resulting mixture is transferred from flask A to flask B 
within 4-6 seconds and gently mixed by stirring the flask.  Next transfer all of the content 
of flask B into flask C as quickly as possible.  The solution in flask C is left undisturbed 
for about 30 min and its color changes to dark red.  The gravitational sedimentation 
process is done by leaving flask C undisturbed for at least 14 hours at room temperature.  
High AR gold NRs along with platelets precipitate from the solution, forming a thin film 
barely noticeable at the bottom of the flask.  The supernatant, containing mostly spheres, 
is removed from the flask.   The film at the bottom of flask, containing high AR gold 
NRs, is redispersed into 10 mL of 0.1 M CTAB solution to prevent aggregation of the 
gold NRs. The yield of gold NRs obtained is ≤ 55%.   
            In the last part of this section, the theory behind the growth of NRs will be 
discussed.  The growth of NRs is initiated by the surfactant-capped Au seeds.  When 
CTAB is added to HAuCl4 it forms CTA-AuBr4
-
, which reduces to CTA-AuBr2
- 
upon the 
addition of AA.   The addition of seeds further reduces the solution from Au
-
 to Au
0
 
leading to gold deposition on the gold seeds, causing them to grow [52].  Similar to AA, 
NaBH4 serves as reducing agent in gold seed formation.  The most important constituent 
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in the NR growth is CTAB (Fig. 30), which serves as a directing agent in the formation 
of NRs and once gold NRs are formed it caps them to prevent aggregation.  The 
concentration of CTAB is important, because by varying its concentration we can grow 
NRs of different sizes [56].  
 
                
                           
                        Figure 30.  Structure of CTAB molecule reproduced from [57].  
 
The silver nitrate used in growing low-AR gold NRs forms AgBr in the presence of 
CTAB and helps CTAB in restricting their growth to rod shape.  NaOH is used in the 
high-AR gold NR growth process to improve the yields; with its addition the pH of the 
growth solution increases to 3.5, resulting in the increase in the proportion of high-AR 
gold NRs [54]. 
IV.3 Characterization Methods 
 
 
            In this section methods for characterization of gold NRs will be discussed in 
detail. The gold NRs are characterized using absorption measurements and microscopy.   
The optical absorption spectrum was obtained from a Cary 5 UV/Vis/NIR 
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spectrophotometer using DI or D2O solutions of CTAB-stabilized gold nanostructures.    
Transmission electron microscopy (TEM) was performed at 200 kV using a JEOL JEM-
2100, scanning electron microscopy (SEM) was performed using an FEI Quanta 600 field 
emission gun, energy-dispersive X-ray analysis was done with the Evex Nanoanalysis 
EDS system of the TEM, and Atomic force Microcopy (AFM) was performed using 
Veeco Multimode SPM with conductive AFM module and heating/cooling stages.  
            To collect the absorbance spectra of the gold NR solution, the spectrometer is 
scanned in wavelength from 300 to 1500 nm.  First one scans a blank of pure solvent (DI 
water or D2O) to obtain a baseline reading.  Next the gold NR solution is scanned.  The 
sample is prepared for TEM by holding a TEM grid at the edge using tweezers and 
depositing 3-6 μL of the gold NR sample onto the center of the grid using a micropipette, 
then letting it dry for 20-25 minutes.  
           Figure 31 shows TEM images of gold NRs grown in-house using the synthesis 
methods discussed in the previous section, with AR 2.5 ± 1 and AR 3.5 ± 1.  The yields 
are high, > 90%.  Figure 32 shows the TEM images of high-AR gold NRs grown in-
house from the synthesis methods discussed in the previous section, with AR 13 ± 2 and 
AR 15 ± 4.   The yields are lower; 25-35% for AR 13 ± 2 and 50-60% for AR 15 ± 4.    
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Figure 31.  TEM images of gold NRs. (a) AR 2.5 ± 1. (b) AR 3.5 ± 1. All images 
are taken at 20000 magnification; all scale bars are 100 nm. 
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(a) 
 
          (b)                  
 
                               
 
Figure 32.  TEM images of gold NRs. (a) AR 13 ± 2. (b) AR 15 ± 4. All images are taken 
at 40,000 magnification; all scale bars are 100 nm 
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            Figure 33 (a) shows a high resolution TEM image of gold seeds 3.5±0.7 nm, 
grown in the lab.  Figure 33 (b) shows a high resolution TEM image of a low-AR gold 
NR, grown in the lab.  The dark shades in the figures are structures of interest.    We can 
see crystal lattice structure in the images, as gold NR formation results in different crystal 
planes ({110}, {111}, {100}) on their surfaces.  The NRs are mainly enclosed by {100} 
and {110} facets and their axial growth direction is <100> [52]. 
          The TEM has two different modes of operation: they are imaging mode and 
diffraction mode, which is also called selected area diffraction.  The previous TEM 
images are taken in imaging mode.  Figure 34 shows the image of a gold NR in 
diffraction mode.   
          Operation in diffraction mode is used to determine whether a specimen is single 
crystal, polycrystalline, or amorphous.  This will be used to identify the crystal lattice 
structure and measure the lattice parameter.  The white spots on the image indicate that it 
is single crystal.  This electron diffraction using TEM is mainly used for characterizing 
the internal structure of materials, and is sensitive to tiny defects on the order of nm scale 
in the structures. 
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(a) 
                            
(b) 
                            
 
Figure 33.  High resolution TEM images. (a) Gold seeds.  (b) Gold NR.  All images are taken at 
80,000 magnification; all scale bars are 5 nm. 
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                               Figure 34.  Diffraction mode TEM image of a gold NR. 
 
          The presence of gold on the surface was confirmed by energy dispersive X-ray 
analysis (EDX) (Fig. 35).   The surface shows Au peaks (2.13 keV, 9.7 keV and 11.91 
keV) along with peaks of all elements present on the TEM grid.   
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Figure 35.  EDX taken on the surface of TEM grid made of nickel, copper, and coated with gold 
NRs.    
 
 
           Figure 36 shows an SEM image of gold NRs grown directly on a fused silica 
microresonator using HgTe seeds obtained from Dr. N. Kotov‟s group.   This process is 
not repeatable and the HgTe seeds aggregate with time.  The yield of rods is relatively 
low, <20%, even when we had unaggregated seeds [53].  Figure 37 shows the section 
analysis done on an AFM height image to obtain an indication of the size dispersion of 
the gold NRs grown on the surface of a fused silica microresonator.  The vertical distance 
of 1-3 nm in the AFM image is equivalent to the diameter in the TEM image. 
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Figure 36. SEM image of gold NRs grown directly on the surface of a silica microresonator. 
 
 
 
 
Figure 37.  AFM height image with section analysis for gold NRs grown directly on the surface 
of the microresonator.  
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          The next important and commonly used technique for characterization of gold NRs 
is obtaining absorption spectra using the Cary spectrophotometer.  The basic concept 
behind absorbance spectroscopy involves the Beer-Lambert law.  The absorbance is 
measured using a spectrophotometer, which determines the change in transmitted light 
intensity as the wavelength of light is varied from 400 nm to 2000 nm.   The equation 
relating the transmitted light I, to the absorbance is as follows:  
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where absorbance A, is a measure of the amount of light absorbed by a material, I
0
 is the 
intensity of light entering the sample, and I is the intensity of light exiting the sample  
 
            In the case of a dilute solution, absorbance is given by the Beer-Lambert Law:   
 
                                       A= ε (λ) C L.                                                                            (23) 
 
Where L is the path length in cm, C is the molar concentration of the material absorbing 
(NRs in our case) in M and ε (λ) is the extinction coefficient or molar absorptivity in  
cm
-1
M
-1
, strongly dependent on the wavelength of the light or laser used.  Figure 38 
illustrates the concept described by Eqs. (22) and (23). 
 
 
 
 
 
 
 
 
 
 
           
Figure 38.  Schematic of a cuvette to determine absorbance of a dilute solution.  
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           Gold NRs can have surface plasmon resonances (SPR) in either the longitudinal or 
transverse directions.   The transverse plasmon gives an absorption peak at around 520 
nm, while the longitudinal surface plasmon resonance peak can be between 600 nm and 
1000 nm for low-AR gold NRs, as seen in Fig. 39.  Figure 39 shows that an increase in 
AR has only a small effect on the transverse peak, but red-shifts the longitudinal peak.  A 
small artifact is seen in the longitudinal peak due to filter change in the Cary. 
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Figure 39.  Absorption spectra of two sets of gold NRs with different AR; 3.8 ±1 in black and 4.5 
± 1 in blue.  
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            High-AR gold NRs have plasmon peaks which will be partially masked by water 
absorption peaks, as water has strong absorption in the NIR.   We tried reducing the size 
of cuvette as in the literature [61] and we were able to reduce the water absorption peaks, 
but  the absorption features of high-AR gold NRs are still not clean, due to interference.  
Next we tried a method discussed in the literature [60].  The NRs are redispersed into 10 
mL of 0.1M CTAB solution in D2O.  After 2-3 rounds of centrifugation and redispersion 
in CTAB, an absorption spectrum was taken using the Cary, without any success.  This 
was due to conversion of D2O to HDO on an hour time scale, which was verified 
experimentally.  Absorption measurements taken for two batches of high-AR rods grown 
by the long process [60] and the short process described in the previous section give   
broad spectra indicating the presence of high-AR rods of varying sizes.  However, sharp 
longitudinal peaks as seen with low-AR NRs were not seen in the expected wavelength 
range of 1450-1800 nm. 
            The modeling of absorption spectra has been studied using an extension of Mie‟s 
theory by Gans [62].   Here we assume the NRs are ellipsoids; TEM images show them to 
be cylinders, but no analytical expression exists for that.  We calculate the absorbance of 
light using Gans‟ formulae [62]. 
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where V is  the single particle volume, Np represents the number concentration of 
particles, λ is the wavelength of light in vacuum, ε1 and ε2 are the real and imaginary parts 
of the complex refractive index of the particles, εa is the dielectric constant of the 
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surrounding medium, in our case water, and Pj is the depolarization factor.  The 
expression for Pj along the A, B, and C axes for elongated ellipsoids (i.e., prolate 
spheroids) is given by [62] 
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where ellipticity 
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and L and d are the major and minor diameters of the ellipsoids.  The complex refractive 
index for bulk gold is obtained from the literature [63].   The absorption spectra are 
calculated and plotted from above expressions for 2.9, 3.8, 4.5, 7.0, 11.0 and 13.0 AR 
gold NRs, as shown in Fig.  40.  The external medium is taken to be water as the NRs are 
suspended in DI water.  As the AR of the gold NRs increases from 2.9 to 13.0, the 
longitudinal SPR peak shifts towards longer wavelengths.  Theoretical and experimental 
values of the longitudinal resonance wavelengths are compared and tabulated in Table 4.   
           For higher AR gold NRs Gans‟ method or the discrete dipole approximation 
(DDA) methods [64] are about 20-40 nm off in predicting the longitudinal SPR peaks 
compared with the experimental values [52].    
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Figure 40.  Absorbance vs. wavelength using Gans' method, for the ARs 2.9-13.0 gold NRs. 
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Table 4.   Comparison of longitudinal SPR wavelengths for various AR gold NRs in water. 
 
 
 
 
 
 
 
 
 
 
 
 
   AR of Gold NRs Theory          
Wavelength 
Gans' method 
        (nm) 
Experimental  
Wavelength 
        
         (nm) 
            
       2.9     700      700               [52] 
        3.8     780       780                  
        4.5     850       850  
        7.0     1100       1100            [52] 
       11.0     1550       1500            [52] 
       13.0      1750       1780            [52] 
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IV.4 Purification Methods 
 
           The gold NR solution also contains different structures like spheres and platelets.   
The low-AR growth solution contains < 5% other structures mostly spheres.  The high 
AR rods synthesis produces these other components (spheres and platelets) in higher 
quantities.  Centrifugation is used to reduce the proportion of these undesirable structures. 
The centrifuge used for the experiments is Biofuge 13, which can operate up to 13,000 
rpm.  Many other methods for purification are discussed in the literature including HPLC, 
diafiltration, capillary electrophoresis, and gel electrophoresis [52], but the methods 
discussed in this section are simpler and have a higher success rate. 
           The precipitation or sedimentation process involves separating the supernatant 
from the residue, either using a centrifuge or letting the solution separate itself by leaving 
it undisturbed for >24 hrs.  Centrifugation can remove the majority of the spherical 
particles, but the remaining mixture of rods and platelets can be separated by a two step 
process involving reduction and centrifugation.   This section discusses both methods in 
detail.  
           Centrifugation is done at different speeds, for example, for removing CTAB at 
10,000 rpm 2-3 times.  We can visibly inspect the vial by shaking it and no bubble 
formation indicates that the CTAB is separated.   For removing spherical particles from 
high-AR gold NRs the centrifuge is operated at 2000 rpm, the top supernatant is removed 
and replaced with DI water, and the process is repeated 3-4 times.   The low-AR gold NR 
solution does not require much filtration since the yield is very high.  This solution is 
centrifuged at 10,000 rpm once or twice to separate the rods and then refilled with DI 
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water.  The final solution is centrifuged at lower rpm (2000 to 6500 rpm) once to remove 
the spheres.  
            The theory behind shape separation in centrifugation will be discussed briefly.  
The ratio of the sedimentation coefficients between rods and spheres (β0) describes the 
sedimentation behavior of cylindrical gold NRs and spheres and is given by [52]     
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where  S0 is the sedimentation rate, v 0 is the sedimentation velocity, a the diameter of the 
sphere, L and d are length and diameter of the rod respectively.  The square of the ratio of 
the diameters of rod and sphere plays an important role in separation.  The log of AR or 
L/d, determines whether the rods or spheres sediment faster.  This was verified 
experimentally by some groups [52].   
            Figure 41 is a TEM image taken of the supernatant removed by filtration and 
collected for imaging; the dark shade in the image is the CTAB covering the spheres.  
This shows that imaging is difficult with CTAB present.   Figure 42 is the filtered high 
resolution image of low-AR gold NRs.   Figure 43 shows the TEM images of the high-
AR gold NRs before filtration and after going through the filtration steps described 
above.  The yield after filtration is still <70%. 
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Figure 41.  TEM image of supernatant removed by filtration containing spheres and CTAB. 
Image is taken at 40,000 magnification; scale bar is 100 nm. 
 
                         
 
 
Figure 42. TEM image of low-AR filtered gold NRs. Image is taken at 50,000 magnification; 
scale bar is 100 nm. 
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       (a) 
       (b)                
                           
 
Figure 43.  TEM images of gold high-AR NRs. (a) Unfiltered. (b) Filtered.  All images are taken 
at 15,000 magnification; all scale bars are 100 nm. 
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            Further purification of the high-AR Nr solution can improve the yield.   This 
involves the filtration described above plus reduction as discussed by the Rice university 
group [60].  This reduction reaction uses a reducing agent to reduce the sizes of platelets 
and other structures by partial dissolution.  The reduction reaction is followed by 
centrifugation to remove the spheres.      
            Take 364 mg of CTAB and 1.97 mg of HAuCl4.3H2O in 10 mL of DI water.   In 
the next step, 1 mL of this solution was added to the NR solution with rods and other 
structures to prepare the Au (III)/CTAB solution.  This Au (III)/CTAB solution acts as a 
reducing agent for dissolution of the other structures.   The solution was stirred for 5 
minutes and left undisturbed for 14 hours.  The high-AR gold NRs form a thin film on the 
bottom of the flask.   The film of the precipitate was again redispersed in 10 mL of 0.1 M 
CTAB solution followed by addition of another 1 mL of the Au (III)/CTAB solution.  
This process was repeated 2-3 times.  
           This was supposed to give yields of >90%, but we obtained yields close to 50% 
for AR (13 ± 2) rods and around 80% for AR (15 ± 4) rods.   Figure 44 illustrates these 
results.  
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              (a) 
        (b)       
                    
Figure 44.  TEM images of gold NRs. (a) AR 13±2 taken at 30000 magnification. (b) AR 15±4 
taken at 40000 magnification.  All scale bars are 100 nm. 
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Figure 45 shows how filtration by centrifugation is successful in removing some of the 
structures from the high-AR gold NR solution, as seen in absorption spectra taken with 
the Cary spectrophotometer.  
 
 
 
  
 
 
 
 
Figure 45.  Absorbance high-AR NR solution: unfiltered (top) and filtered (bottom), spectra taken 
with Cary spectrophotometer.   
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IV.5 Conclusions 
 
          In conclusion, we have found methods to grow gold NRs of different AR in 
solution by wet chemical synthesis methods and also by directly growing them on a 
surface of a fused-silica microresonator.  For the seed-mediated or wet chemical method 
of synthesis of gold NRs the morphology of gold NRs is controlled by varying the 
reduction rate for low- and high-AR gold NRs.  We have demonstrated that surfactants 
like CTAB and AA are important to get unidirectional growth of gold NRs. 
          Better filtration and purification methods are employed to improve the yield of 
gold NRs.  For this we have used centrifugation of low-AR gold NRs to separate the 
spherical nanoparticles from the gold NR solution.  We also used a combination of 
centrifugation and partial dissolution, using a reducing agent for shape separation in the 
case of high-AR gold NRs to improve the overall yield of the NRs in the growth 
solution. 
          We also explored different microscopy methods like TEM, AFM and SEM to 
characterize the gold NRs at different magnifications.   The UV–visible spectroscopy in 
this study is done using a Cary spectrophotometer for absorption measurements of gold 
NRs.  We also found that Gans‟ theory and other methods provide a good representation 
of the experimental results.  These methods will let other research groups explore optical, 
catalytic and mechanical properties of gold NRs.  These gold NRs can also be used for 
making gold nanowires for interconnects in the electronic circuits.  These  studies on 
controllable synthesis and better filtration methods of building NRs into a desired shape 
might find application in future nanoelectronics and nanodevices.  
                                  
82 
 
 
 
 
Chapter V 
GOLD NANOWIRE ASSEMBLY 
 
V.1 Introduction 
 
              Nanowires (NWs) are considered essential components towards building 
nanoscale devices and circuitry with increased performance and greater speed [65, 66].  
When we talk of shrinking processors or microchips we talk about feature size being 
reduced from submicron to nanometer size.  The chemically inert nature and relatively 
low resistivity of Au makes it a suitable candidate for growing wires.  Gold NWs can be 
grown by the wet chemical approach or the self-assembly method [67].  Other approaches 
require tremendous secondary processing methods with less control over shape and size 
distribution.  In the latest development in the area, ultrathin NWs have been prepared 
with diameters of either 3 or 9 nm [68]. 
            NWs can be assembled or grown between targeted points in a circuit using the 
dielectrophoretic approach demonstrated by our collaborative research group and other 
groups [67, 69, 70].   The dielectrophoresis (DEP) method of growing NWs is based on 
the mobility and interactions of nanoparticles (or NRs, in our case) caused by gradient 
alternating electric fields.   This electric field allows assembly and manipulation of the 
NRs used to grow NWs.  The same approach is being used in this chapter for growing 
NWs, with modifications in the experimental setup – using a much simpler setup and 
having the capability to grow higher AR NWs with ease, which is novel.   The growth of 
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high-AR gold NWs with the modified dielectrophoretic approach was not observed 
before.   Proper choice of the electrode geometry, in our case copper electrodes, is 
important as this arrangement produces a sharp electric gradient in front of their tips.  We 
can also grow NWs with other metal electrodes which do not oxidize, like gold.   The tips 
are made as sharp as possible to have stronger electric fields.  Nanowires can also be 
grown from various other metals like indium, cobalt, zinc and lead and other 
semiconductors like CdTe using the methods discussed in this section.  Growth of gold 
NWs is discussed in this chapter; we have not tried using other metals or semiconductors.    
           The NWs discussed in this chapter were grown primarily from NRs of AR 4.5 
(Nanopartz); we were also able to grow NWs from in-house grown NRs of AR 3.5 ± 1. 
The NR solution is sonicated first and then centrifuged 2-3 times at 10,000 rpm to 
remove the majority of the CTAB.  CTAB present in the gold NR solution hinders the 
unidirectional growth of NWs. The dielectric force is given by the following equation 
[69]:  
                                     FDEP= (m (t) · ∇E (t)),                                                                 (29) 
 
 
where  E is the electric field and m the induced dipole moment of the NR given by 
 
                                        m (t) = εm Vp K E (t),                                                               (30) 
 
 
where  εm is the complex dielectric permittivity of the medium, Vp is the volume of the 
particle and K is the complex polarization factor, which depends on the complex 
permittivity of the particle.  
           The dielectrophoretic force shown above is caused due to the non-uniform electric 
field between the electrodes.  This force causes the interaction between the dipoles in the 
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NRs to be directed along the electric field, leading to single–step assembly of NWs 
between the electrodes [70].  
           The expression for dielectrophoretic force is different if the electric field used is 
AC instead of DC and is given by [70] 
                          FDEP = (3/2)εm Vp Re [K (ω))] ∇ (E)
2
 ,                                                 (31) 
   
 
where K (ω) is the real part of what is called the Clausius-Mosotti factor and ∇E is the 
gradient of the electric field.  The force due to DEP is oscillating in direction. 
The expression for K (ω) is given by  
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Here εp is the particle dielectric constant, in our case that for gold, and εm is the medium 
dielectric constant; and note that the dielectric constant is a complex quantity.  Gold NW 
growth using the DEP method is predominantly in the <110> direction [67]. 
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V.2 Experiment 
 
            Electrode-pairs are usually fabricated using photolithography onto a chip for 
growing wires in circuits [66, 67].   Here we use electrodes fabricated from copper wire.  
Figure 46 shows the experimental setup used for growing NWs.  An arbitrary waveform 
function generator (Wavetek 395) is used to supply an alternating voltage at a variable 
frequency.  We used a sinusoidal waveform.  The region between the electrodes is 
observed using an optical microscope shown in Fig. 46.  To grow the NWs, 100 µL of 
gold NR solution was used.  The weight concentration of the rods is 35.7 µg/mL, the pH 
was 3.1, and the morality was 874 pM.   The charge on the rods is usually determined 
from zeta potential measurements.  The zeta potential of the NRs we used is 30 mV, 
indicating the NRs are positively charged. 
            The electrodes are brought nearly into contact, without actually touching, before 
growing a NW.  Using a translation stage shown in Fig. 46, with one electrode fixed and 
by moving the second electrode, a gold NW can be drawn and its size controlled well.  
We typically used peak voltages from 2.5 ± 1 V and frequencies from 1-10 Hz.   The 
applied AC voltage was terminated manually when the desired wire size was obtained.   
As seen in Fig. 46 one electrode is grounded and the other is connected to the function 
generator.  After the NWs are grown they are characterized using SEM and AFM.   The 
TEM has better resolution but it is difficult to load NWs onto a TEM grid without 
breaking them.   
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Figure 46.   Block diagram of the apparatus used for nanowire assembly and a photograph of the 
experimental setup used in the experiment 
 
Stage 
Frequency Generator 
87 
 
 
V.3 Results and Discussion 
 
           The chaining of nanoparticles or NRs in forming a NW depends strongly on the 
ability of the particle-field and particle–particle interactions to overcome Brownian 
motion [67].  The strength of the particle-field interaction is characterized by the unitless 
trapping parameter [67, 71] 
                                            η = μΕ/ (kBT).                                                                   (33) 
where μ is the magnitude of the induced dipole moment, E is the applied field magnitude, 
kB is the Boltzmann constant (1.381×10
-23
 J/K) and T is the temperature in degrees 
Kelvin. 
           Figure 47 shows an SEM image of a NW after being deposited on a fused silica 
microresonator.  The NWs grown in our lab are long, from 200 µm to around 600 µm.  
This is a novel method for growing long NWs, the size of which can be controlled well.  
The AR of the wires grown in the lab is 600 or more.  Commercially available NWs from 
Nanopartz have AR from 150 to 200.   Growth conditions like electrode geometry and 
concentration of nanoparticle solution are kept identical, but voltage amplitude and 
frequency are varied when we grow NWs. 
            Figure 48(a) shows an SEM image of a fragment of the NW on the fused-silica-
surface.   Figure 48(b) shows a higher resolution SEM image detailing the internal 
structure of a different NW, showing how the gold NRs were chained well under the 
influence of the gradient electric field.  All the SEM images are taken at 20 kV.    
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Figure 47.  SEM image of a gold NW grown and then deposited on the surface of a silica 
microresonator. 
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(a) 
            
 (b) 
            
 
 
Figure 48.  SEM images of two different gold NW fragments. (a) Taken at 71130 magnification, 
scale bar is 2 µm. (b) Taken at 169238 magnification, scale bar is 500 nm. 
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           The general trends for modifying NW growth by changing the various parameters 
are noted here.   The most important parameters affecting growth are the field strength 
and NR concentration; they should exceed certain limits or thresholds in order to start 
seeing NW growth.  As we increase the particle concentration the growth rate and 
thickness of the wire increase [70].   As we increase the peak AC voltage from 0-3 ± 2 V, 
the growth rate and thickness of the wire increase and branching reduces.  We used 4 V 
peak and 1 Hz to grow the wire shown in Fig. 49 (a).   If we switch over from AC voltage 
to DC voltage we have observed branching under nearly identical conditions as seen from 
Fig. 49 (b).  We can reduce the branching by increasing the particle size under identical 
growth conditions [70].  As the particle concentration increases beyond 0.13% the growth 
rate and thickness of the NW can be increased [70].   
            The novelty in our technique is that we can grow wires without having to amplify 
the voltage to 30 V or greater as has been reported [67, 70].  The frequency we used is 
also relatively low, 1-10 Hz, compared to 100-150 Hz or even a few MHz used by other 
groups [67].   As we draw the wire the thickness of the wire reduces, perhaps due to the 
decrease in the influence of the electric field on the particles.  The influence of electrode 
separation on growth characteristics of the NW still needs to be further investigated; no 
results were found in the literature.   
             The conductive properties and other characteristics of the high-AR wire still need 
to be investigated before it can be used in circuits.   Our objective was to grow a high-AR 
wire and deposit the fragments on the microresonator, to observe SPR effects and use it 
for many applications.  The applications of NW fragments coated on the microresonator 
will be discussed briefly in the next section.   
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           Figure 49.  NW assembly at (a) 4 V (peak) AC and 1Hz setting; (b) 3 V DC setting. 
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V.4 Conclusions 
 
           Nanowire growth between targeted points, copper electrodes in our case, is 
obtained by using the DEP method.  An alternating voltage is applied to the electrodes 
immersed in a gold growth solution containing low-AR gold NRs.   By controlling 
various growth parameters as discussed in the chapter we can grow needle-shaped or 
dendritic NWs. 
           Proper choice of the parameters enables the suppressing of side branching when a 
NW is grown.  The tip of the electrode should also be sharp to suppress side branching 
and also to produce strong electric fields.   This is a novel method of growing high-AR 
(20-600) gold NWs from low-AR NRs.  We have better control over the size of the NW 
and growth of the NW can be stopped once we obtain the size we need.   This wire 
growth method can be applied to various other metals, alloys and pure semiconducting 
compounds.   
           A possible future direction would be to study the electrical and optical properties 
of these wires in detail.  Improving the existing method could improve the growth of gold 
NWs with a thinner diameter (a few nm), produced today only by wet chemical synthesis 
methods.  
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Chapter VI 
ADHESION METHODS FOR NANOMATERIALS ON 
MICRORESONATOR 
VI.1 Introduction 
 
  
            Growth of nanostructures has been studied in detail in the two previous chapters. 
To be useful to us, these nanostructures must be adhered to the surface of a 
microresonator. Single-walled carbon nanotube segments have been deposited on 
nanolithographic templates [72].   Silver NWs have been grown on a surface of a CaF2 
crystal [73].    Gold NWs can also be grown directly on the Si surface by surfactant-
assisted galvanic reduction [74].  
            Little research has been devoted to adhesion of the gold NRs grown by wet 
chemical synthesis on different substrates.  The adhesion of gold nanostructures on 
different substrates has been a challenging task.  This requires us to know the surface 
charges of and chemical reactions between various combinations of nanostructures, 
polymer coating layers, and substrates (whose surfaces may be functionalized).   In order 
to put the interesting electrical and optical properties of these nanostructures studied by 
various groups [52, 67] into use, we need to know the chemistry in detail.   In this chapter 
the surface chemistry of various polymers, chemicals and fused-silica substrates is 
studied.   
            Gold NRs can be grown directly on a silica surface by modifying the surface [75].  
This method lacks control of the AR or of the surface distribution of the gold NRs 
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obtained, making them less useful for applications we want, like sensing and to study the 
SPR and SERS (surface enhanced Raman scattering) effects.  The surface of the fused 
silica microresonator can also be modified to accommodate wet chemically grown gold 
NRs on the surface.  Silanes like 3-mercaptopropylmethyldimethoxysilane (MPMDMS), 
have been used to modify the surface.  Also other polymers (or combinations of them) 
such as poly (acrylic acid) (PAA), PDDA, and poly (4-styrenesulphonic acid) (PSS), and 
single-walled CNT (carbon nanotubes) have been used to modify the surface of a fused 
silica microresonator.  These modified surfaces can improve the adhesion of gold NRs on 
them. 
             After summarizing surface charge properties in section VI.2, experiments and 
results involving surface-modified fused-silica microresonators will be discussed in 
section VI.3.   AFM was used to study a surface of a Si surface modified with MPMDMS 
[76].   We use SEM for characterizing the modified surfaces.  The AFM technique is 
good if the substrate is flat; we faced problems in resolution and obtained artifacts using 
AFM, since our surface is curved.   TEM is not possible as it is difficult to load the 
sample onto the TEM grid for imaging.  Some applications involving these coated 
microresonators, with preliminary results, will be discussed briefly in section VI.4.   
VI.2 Surface Charge Distribution 
           The surface charge is important in the adhesion process.   Initially we had 
difficulty in adhesion of gold NRs on the fused silica microresonator.  This was because 
the fused-silica microresonator has a weak positive charge and the gold NRs are 
positively charged since they are capped with CTAB.  The literature shows that gold NRs 
have a positive zeta potential of +30 mV [77], therefore causing repulsion between the 
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fused-silica surface and the NRs.  A water layer present on top of a microresonator makes 
it weakly negatively charged.  It can then be coated with PDDA in water, which will 
make the PDDA-coated microresonator strongly positively charged; uncapped gold 
seeds, unlike NRs, are negatively charged, and so they can be attached to the 
microresonator.    
          The structures of a few of the polymers used for adhesion in this chapter are given 
in Fig. 50, and a summary of net charges is given in Table 5.      
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  (a)                                                 (b)                                                  (c) 
    (d)                                                         
              
      Figure 50.  Chemical structures of (a) PSS, (b) PDDA, (c) PAA, (d) MPMDMS. 
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Table 5.   Net charge of various chemicals or polymers used for coating or deposition.  
 
 
                    
 
 
 
 
  Chemical Net Charge 
Gold NRs and 
seeds 
-ve  
Gold NRs  CTAB 
Capped 
+ve  
CTAB +ve  
PSS -ve  
PAA -ve                [77] 
PDDA +ve  
Silica surface 
silanized with 
MPMDMS 
- ve  
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          Some of the net charges mentioned in Table 5 have been verified experimentally.  
Knowing the charge of gold NRs, if the fused silica microresonator is coated with PDDA 
and dipped in a gold NR solution, subsequent SEM images show no adhesion, due to 
repulsion of identical charges.  The same experiment was repeated for gold seed solution 
and we could see from electron microscopy images the adhesion of seeds on the 
microresonator.  PSS and PAA, like PDDA, are called polyelectrolytes; these polymers 
partially dissociate in aqueous solution, making them negatively charged [77].  The 
experiments performed and steps involved in the process of modifying the surface of a 
fused-silica microresonator are discussed in the next section in detail. 
VI.3 Experiment and Results 
 
            Two methods for surface preparation of fused-silica microresonators for adhesion 
of gold NRs are primarily discussed in this section.  Methods for coating microresonators 
with gold NWs and CNTs will be discussed briefly.  The silanization of a Si wafer with 
MPMDMS is discussed in [76].  The additional chemicals and their suppliers required for 
experiments not discussed in previous sections are MPMDMS (>99%), PAA (Mw = 
450,000), and PSS (Mw = 75,000, 18 wt. % in H2O) are purchased from Sigma Aldrich; 
ethyl alcohol (200 proof) is purchased from Chemistry store at Oklahoma State 
University; the CNTs are obtained from the group of Dr. J. Wicksted. 
            The surface preparation for silanization with MPMDMS involves first cleaning 
the fused-silica microsphere with ethanol as soon as it is prepared.  Figure 51 illustrates 
the steps involved in this procedure.  After the sample is cleaned it is dipped in a 1:20 
solution of MPMDMS in ethanol for >10 hrs.  (Immersion in MPMDMS for 4-5 hrs did 
not make it strongly negatively charged enough to adhere the rods, and SEM imaging did 
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not show any rods present).  Then the sample is taken, out rinsed in ethanol, and dried in 
nitrogen for 1-3 minutes.  In the last step the microresonator is dipped in a high-AR gold 
NR solution for 5 seconds to 50 minutes, depending on the concentration of NRs required 
on the surface. 
           Figure 52 shows a SEM image of a bare fused silica microresonator after being 
dipped in ethanol, before surface modification. This image was taken at a higher 
magnification to show that the surface is clean.  Figure 53 (a) and (b) show SEM images 
of high aspect ratio gold NRs prepared in-house coated onto the fused silica 
microresonator, taken at different magnifications. 
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Figure 51. Schematic representation of the microresonator silanization process with MPMDMS 
and coating with gold NRs.  Top to bottom: bare sphere, silanized sphere, and NR attachment.  
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Figure 52.  SEM image of bare fused silica microresonator before surface treatment. Taken at 
139780 magnification, scale bar is 500 nm. 
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(a) 
(b)            
                 
Figure 53.  SEM images of high-AR gold NRs on silanized fused silica microresonator. (a) Taken 
at 40943 magnification, scale bar is 2 µm. (b) Taken at 282694 magnification, scale bar is 400 
nm. 
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           The second method of modifying the microresonator surface  involves using PAA 
and PDDA.  Here we used the LBL (layer-by-layer) approach discussed in the literature 
[37].   We used the method discussed in [77] to make gold NRs negatively charged using 
PAA.  Take 1000 μL of PAA solution in water and add 1 mL of the purified high-AR 
gold NRs solution while stirring it vigorously.  The NRs end up with a net negative 
charge provided by excess COOH groups formed from electrostatic attraction between 
PAA and the gold NRs, and this has been by zeta potential measurements [77].  The 
microresonator is first coated with PDDA in DI water (1:20), followed by rinsing in DI 
water to remove any unbonded PDDA, forming a thin film of PDDA.  Next the 
microresonator is dipped in the negatively charged gold NR solution for 10-15 minutes 
and this is followed by rinsing in DI water.  
           Figure 54 shows an SEM image of the fused silica microresonator coated with 
gold NRs.  This method did not provide uniform coating all over the surface of the 
microresonator, unlike the first method discussed above.  Other drawbacks to this method 
are low reproducibility and aggregation (as seen from Fig. 54).  We cannot use this 
method for any applications related to coated microresonator as it would lower the Q of 
the microresonator and this was observed experimentally from the whispering gallery 
modes.  Better purification methods and slight modification in the method might make 
this method better for various applications. 
           We also attempted to adhere gold NRs onto the microresonator using PSS/PDDA 
combination.  First we dipped the microresonator in PDDA, then in PSS, followed by 
dipping in gold NR solution.  The surface showed no NR attachment, only aggregation of 
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PSS on the surface.   Another method was also tried, to mix PDDA and low-AR gold 
NRs and stir the mixture before applying the layer by dipping the microsphere in it.  This 
attempt showed sporadic adhesion only at few places on the microsphere.   Figure 55 
shows an island of unbonded PDDA covering the NRs. 
 
 
                 
  
Figure 54.  SEM image of (PAA-coated) high-AR gold NRs on PDDA-coated fused-silica 
microresonator. Taken at 46460 magnification, scale bar is 2 µm. 
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Figure 55.  SEM image of low-AR gold NRs mixed into PDDA and coated onto a fused silica 
microresonator.  Taken at 73775 magnification, scale bar is 1 µm. 
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            Gold NWs grown by the DEP method were coated on the microsphere.  After the 
NW was grown between the electrodes, a high precision 3D stage was used to position 
the microsphere under the NW as seen in Fig.  56.   The microsphere was then gently 
moved up through the electrode gap, breaking free the NW from the electrodes and 
positioning it on the surface of the microsphere.  The composition of the NW deposited 
on the surface of the microsphere coated as shown in Fig. 57 consists primarily of NW 
segments of varying density, along with unchained gold NRs and gold seeds.  The AR of 
the individual NW segments is at least 10.   Better filtration methods could be used to 
remove the seeds and other structures from the solution after the gold NW is grown.   
           An attempt was also made to deposit a gold NW grown by authors in [67] on a 
cylindrical fiber.  Figure 58 represents a cylindrical fiber, onto which a gold NW has 
been deposited.   The images are taken using an optical microscope (Leica).   Similarly 
NWs can be deposited on any structure that is small enough.  The NW-deposited 
microresonator can be used for many potential applications like sensing and SPR effects, 
well within the telecommunication frequency band. 
 
 
 
 
 
 
 
 
 
 
107 
 
                
 
 
                 
   
 Figure 56.  A bright field image of a microresonator positioned between the DEP electrodes, 
scale bar is 1mm. 
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Figure 57.  SEM image of a fragment of NW segment after breaking away from the electrodes 
and wrapping around the circumference of the microsphere.   
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Figure 58. (A) A bright field image of a NW grown between the electrode gap, to the left of 
which is a cylindrical fiber approaching the electrode gap. (C)  The NW breaking away from the 
electrodes and wrapping halfway around the circumference of the fiber.   
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            Much research has been done to study the novel properties of CNTs, which makes 
them useful in many applications in nanotechnology, electronics, light-emitting diodes, 
solar cells, optics and many fields of materials science [78-80].  They exhibit either 
metallic or semiconductor properties.  A CNT can be either a single–wall nanotube 
(single graphene sheet) or a multi-wall nanotube (several nested cylinders of graphene 
sheets).   A CNT is a hundred times as strong as steel, light, chemically inert, and can be 
as long as 2 mm [81].  The CNTs are usually functionalized for adhesion of various 
nanoparticles, without degrading the mechanical and electronic performance of the CNT 
[81].   
            The adhesion methods of CNTs on the fused-silica microsphere are discussed in 
this section.  Functionalized CNTs of negative charge are obtained from the group of Dr. 
J. Wicksted at Oklahoma State University.  The microsphere is first coated with PDDA to 
make its net charge positive.  Next the microsphere is dipped in a CNT solution for 5-10 
minutes depending on the concentration required on the surface.  Then the surface is 
dipped in DI water to remove any unbonded particles.  In the last step, it is dipped in a 
solution of low-AR gold NRs grown in-house.  The same procedure was also repeated on 
a glass slide coated with CNTs.  Figure 59 (a) and (b) show SEM images of CNTs on the 
microresonator and glass slide.  We could not resolve individual NRs since they are 
covered by thick strands of CNTs.  This experiment was performed as proof of concept 
and requires much more refinement in procedure and filtration of CNTs before the coated 
microresonator can be used for potential applications. 
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(a) 
                
(b) 
                
            
Figure 59. SEM images of CNT coated, (a) fused-silica microresonator, (b) glass slide.  The scale 
bar is 500 nm. 
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VI.4 Applications 
 
            In this section, a few applications and preliminary results for microresonators 
coated with gold NRs and gold NWs are discussed briefly.   The results are discussed in 
more detail in [82].  The evanescent fields of whispering-gallery modes of a high-Q 
dielectric microresonator are locally enhanced via excitation of the surface plasmon 
resonances of gold NRs on the microresonator’s surface.   This results in enhanced 
coupling between the microresonator and an adjacent tapered optical fiber for frequencies 
in the vicinity of the SPR.   
Experimentally determining the WGM quality factor Q and the loss ratio x before 
(single prime) and after (double prime) Au NR growth is sufficient to determine the 
coupling enhancement factor, given by [83] 
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and the intrinsic loss enhancement factor given by  
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The experimental results discussed and presented in [83] for surface-grown low –
ARs at 800 nm demonstrate coupling enhancement by a factor of 100–1000, 
accompanied by an increase in absorption and scattering loss that is very small by 
comparison.  We have performed similar experiments, at 1550 nm with our high-AR rods 
grown in solution and coated on a silanized surface.  We have observed coupling 
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enhancement by a factor of 1–1500, accompanied by an increase in absorption and 
scattering loss by a factor of 1-1500.  The same experiments repeated using an 800-nm 
laser and solution-grown low-AR gold NRs demonstrate coupling enhancement by a 
factor of 1-400.   
            Similar experiments with NW fragments deposited on the surface of the 
microsphere demonstrate coupling enhancements of a factor of 60–600, which are 
accompanied by an increase in absorption and scattering loss, depending on where the 
microresonator is probed spatially.  These gold-NW coated microresonators could 
provide enhanced sensitivity in various types of gas, chemical, and biological surface-
plasmon-based sensing applications well within the telecommunication frequency band.   
           We have also demonstrated that this enhancement can be controlled by an external 
beam leading to what is called plasmonic switching [82].  Sensing of SDA2072 (HW 
Sands Corp.) dye was also seen by us using a microresonator coated with gold NRs and 
the experimental results are explained in more detail in [82]. The solvent used in this case 
is methanol. The SDA dye is chosen since it has significant absorption at 1550 nm.  We 
have tested for a Raman scattering signal using both bare and silanized NR-coated 
microspheres, by dipping in the Raman active liquids like ethanol, pyridine and carbon 
tertrachloride.  The result of the SERS studies, done at 800 nm pump wavelength, is 
discussed in detail in [82].  
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VI.5 Conclusions 
 
           The ability to deposit gold NRs and NWs on various substrates is important to 
develop applications based on these nanostructures.  The surface chemistry of various 
polymers was studied before adhesion methods were tried for fused-silica 
microresonators.  Various methods for coating the fused-silica microresonator with seed -
mediated solution-grown gold NRs were discussed in this Chapter.   The most successful 
method involves silanization of the surface of the microsphere with MPMDMS and 
coating with gold NRs.  We have also used PDDA/PSS combination, and using LBL 
technique coated the surface of a fused-silica microsphere with gold NRs.   
Characterization of the samples with the SEM indicated deposition.  We have also coated 
NWs on the surfaces of fused silica-microresonators and cylindrical fibers, by careful 
alignment and positioning of the surface before pulling it through the NW.  
           We have also attempted to coat the microspheres with CNTs and characterized 
these with the SEM.  WGMs in these microresonators, which by themselves have 
interesting optical properties discussed in previous sections, would excite SPRs of gold 
NRs on the microresonator surface.  This enhances coupling to the microsphere when an 
adjacent tapered optical fiber is brought in contact.  These coating methods can make the 
microresonators useful for plasmonic sensing applications and for surface-enhanced 
Raman scattering (SERS) studies.  These devices can also be used for plasmonic 
switching applications with the aid of an external laser beam. 
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Chapter VII 
CONCLUSIONS AND FUTURE DIRECTIONS 
 
              
            The series of projects discussed in this dissertation represent areas of research 
relating to practical applications of microresonators, systematic study of assembly and 
characterization of nanostructures, and adhesion methods of the assembled nanostructures 
on the microresonators.  In this Chapter the results of previous chapters are summarized 
briefly, the significance and possible applications of our results are evaluated, and further 
investigations related to those areas are discussed.   
           In Chapters II-III a tunable diode laser operating near 1570 nm is used to 
investigate various effects of the heat transfer from fused-silica microspheres, with and 
without thin-film coatings, to the surrounding gas in a vacuum chamber.  A novel method 
is employed in Chapter II for measuring thermal accommodation coefficients of various 
gases like nitrogen, helium and ambient air on several coated and uncoated surfaces of 
fused-silica microresonator, operating at room temperature.  This work can be extended 
to various other gases, using different surface coatings (thin compared to the 
wavelength); a large number of gas-surface interactions can be studied.  The precision of 
these measurements is quite good (< 2%).  In Chapter III, this method is further extended 
to measure the absorption coefficient of a surface film or water layer on a fused-silica 
microresonator.  The strength of the observed thermal bistability gives us the heat 
supplied by the fraction of total optical power lost due to absorption.  The results provide 
insight into the relative importance of surface scattering and absorption in these 
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structures.  This absorption results from a water layer on the surface of a bare sphere, and 
for a coated sphere it is due to the thin film.  This provides a novel method to find the 
water layer desorption and adsorption rates on the surface of a microresonator in the 
presence of gases like ambient air and nitrogen.   In the future this method can be used to 
study a wide variety of thin films, with arbitrary refractive index and possibly thickness.  
This method can be extended to study the water desorption rate in the presence of other 
gases.  This method can be used for sensing applications, surface chemistry studies and to 
know the contaminants present on the surface. 
         In Chapter IV, we have found methods to grow gold NRs of different AR in 
solution by wet chemical synthesis methods and also by directly growing them on the 
surface of the fused-silica microresonator.  Better filtration and purification methods were 
employed to improve the yield of gold NRs.  We also explored different microscopy 
methods like TEM, AFM and SEM to characterize the gold NRs at different 
magnifications.    Better methods were found to control the AR of gold NRs and we could 
grow gold NRs with AR as low as 2.5 to AR as high as 18.0.  Future work would be to 
improve the yield for higher-AR gold NRs of any size and to find better methods for 
absorption measurements in the case of high-AR gold NRs. These methods will let other 
research groups explore optical, catalytic and mechanical properties of gold NRs.  These 
gold NRs of different sizes have potential applications in SERS studies, to identify 
biological specimens, and to provide enhanced sensitivity in various types of gas, 
chemical and biological surface-plasmon-based sensing applications well within the 
telecommunication frequency band. Gold NRs can also be used for making gold 
nanowires for interconnects in electronic circuits.  NRs with unique optical properties are 
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generating much enthusiasm in molecular biology and medicine, with potential 
applications in the detection of cancer.  By controlling the shape and size of NRs, their 
longitudinal SPRs can be tuned into the NIR region allowing better imaging techniques 
for the treatment of cancer.  In addition, strongly absorbed light is converted into 
localized heat by gold nanoparticles for destroying cancer tumor cells. 
            In Chapter V, a NW is grown between targeted points, that is, copper electrodes 
using alternating voltages by using the DEP method, referred to as directed 
electrochemical NW assembly.   Better purification methods are discovered to remove 
excess CTAB, which disrupt the unidirectional growth of gold NWs.    By controlling 
various growth parameters discussed in the chapter we can grow needle shaped or 
dendritic NWs.  Proper choice of the parameters enables the suppression of side 
branching when a NW is grown.   This is a novel method of growing high-AR (20-400) 
gold NWs from low-AR gold NRs.  We have better control of the size of the NW and 
growth of the NW can be stopped once we obtain the size we need.   This wire growth 
method can also be applied to various other metals, alloys and pure semiconducting 
compounds.   
            A future direction would be to study the electrical and optical properties of these 
wires in detail.  One could also study the effect different gold NR ARs would have on the 
growth of gold NWs.  Improving the existing method could permit the growth of gold 
NWs with a thinner diameter (a few nm), produced today only by wet chemical synthesis 
methods.   NWs of variable length can be grown, using this technique, across targeted 
points in the circuits of microelectronic devices.  The miniscule size of the NW can 
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improve the speed of computers as we can accommodate a larger number of transistors.  
The most likely application in our lab would be for trace-gas sensing.   
            The ability to deposit the gold NRs and NWs on various substrates is important to 
develop applications based on these nanostructures.   In Chapter VI, the surface 
chemistry of various polymers was studied before adhesion methods were tried for fused-
silica microresonators.  Various methods were discovered to coat these nanomaterials on 
the fused-silica surface.  The most successful method involves surface modification with 
MPMDMS before coating with gold NRs.  We have also used a PDDA/PSS combination 
and using the LBL technique coated the surface of a fused-silica microsphere with gold 
NRs.   Characterization of the samples with SEM indicated deposition.  We have also 
coated NWs on the surface of fused silica-microresonator and cylindrical fiber, by careful 
alignment and positioning of the surface around the NW.  
           We have also attempted to coat the microspheres with CNTs and characterized 
them with the SEM.  WGMs in these microresonators, which by themselves have 
interesting optical properties discussed in previous sections, would excite SPRs of gold 
NRs on the microresonator surface.  This enhances coupling to the microsphere when an 
adjacent tapered optical fiber is brought in contact.  Initial work relating to coupling 
enhancement at different pump wavelengths was done as proof of concept using 
microresonators coated with gold NRs and NWs, and we observed coupling 
enhancements factors up to 1500.  
            Future directions for this work would be to improve the adhesion methods in 
order to obtain a uniform coating all over the surface of the microresonator.  Newer 
methods needed to be explored which retain the high optical quality, in order to have 
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potential applications for chemical sensing.  The CNT solution needs to be purified to 
separate CNTs from other structures, which will make adhesion of gold NRs on single 
walled CNTs easier and more identifiable by microscopy techniques.  By studying the 
surface charge properties we can use these techniques to grow nanomaterials on different 
substrates.  Single walled CNT are characterized using Raman spectroscopy and gold 
NRs can enhance Raman scattering signals. These coating methods can make the 
microresonators useful for plasmonic sensing applications, trace-gas detection, and 
surface-enhanced Raman scattering (SERS) studies.  These devices can also be used for 
plasmonic switching applications with the aid of an external laser beam.  The 
development of better coating techniques that restrict NWs to the equator of the 
microresonator will simplify the operation of microlasers in our lab: if only the equatorial 
region of a microspherical laser contains the active medium, pumping can be done more 
easily.  Likewise, this selective coating technique on the microresonator might simplify 
the use of surface-enhanced Raman sensing. 
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